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Physically assembled gels are widely applicable in the food industry, biomedical devices, drug
delivery, and soft robotics due to their tunable mechanical properties and thermoreversibility. The
mechanical responses of these gels originate from their microstructure. Therefore, factors affecting the gel microstructure like polymer molecular weight, solvent quality, and polymer concentration play a significant role in determining their mechanical behavior. Gel microstructure also
changes during the deformations resulting in a deviation from the structure-property relationship
established for the low deformations. During large deformations, other factors like stress relaxation, poroelasticity, and polymer chain entanglement contribute significantly to the gel response.
This complexity extends to the understanding of their failure behavior that occurs at large deformations. The low strain mechanical behavior of gels is governed by load-bearing chain density.
They are often represented with non-linear elastic models, which ignore the contribution from
viscous dissipation, polymer entanglements, surface tension, and bond dissociation. In addition,
the available theoretical models cannot capture the experimental conditions like boundary con-

finement, therefore, numerical simulations are useful to test the developed model by comparing
with experimental observations. With this objective, the present dissertation is focused on understanding the failure of physically assembled gels that consists of an ABA-type triblock copolymer
dissolved in a B-block (midblock) selective solvent. Here, gelation occurs as a result of relative
difference in the solubility of A-blocks (endblocks) and B-blocks (midblocks) with solvent. The
thermo-mechanical characterization of these gels was performed using rheology, cavitation rheology, and DSC. A custom-built experimental set-up was developed to conduct large deformation
experiments like tensile tests, creep failure experiments, and fracture experiments with a predefined
crack. To characterize the gel microstructure, small-angle x-ray/neutron techniques were used. A
change in the gel microstructure during deformation was also captured. The microstructure of gels
was tuned by varying temperature, polymer volume fraction, midblock length, and by addition of
midblock homopolymer. Finite element simulations have been used to understand the effect of
boundary confinement, surface tension, and viscous dissipation. The present work provides a better understanding of failure behavior in physically assembled gels through the polymer dynamics
at nano-scale level.

Key words: physically assembled gel, midblock entangelement, struture-property relationship,
finite element model, SAXS/SANS, intrument development
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CHAPTER 1
INTRODUCTION

1.1

Gels and Their Classifications
Gels are defined as a crosslinked network of polymer swollen in a solvent. Due to its tunable

mechanical properties, they are attractive for many applications as in biomedical field [24], personal applications, and food industry. Continuous improvements in the gels mechanical properties
have created a space for its emerging applications like in soft-robotics actuators [154] and tissue
engineering [126, 122]. In gels, crosslinking between the polymer chains can occur through various types of bonds. Based on the type of bonding between the polymeric chains, they can be
classified as a chemically crosslinked gels and physical crosslinked gels.

1.1.1

Chemically Crosslinked Gels

The gels in which the polymers are crosslinked with covalent bonds are called chemically
crosslinked gels. An example of such gel is poly(acrylamide) hydrogels whose polymer network is prepared by free-radical polymerization using bisacrylamide as a crosslinker that connects poly(acrylamide) chains via. covalent bonds [148, 149, 87, 104, 172]. The polymer network
remains swollen in water resulting in a chemically crosslinked hydrogel. These gels can be further categorized based on the type of reaction performed to crosslink the polymers like radiationcrosslinking, plasma-crosslinking, or photo-crosslinking.
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1.1.2

Physically Crosslinked Gels

Physical bonds can be classified based on their type of interaction between polymer chains.
Major examples of such type of interactions are an ionic bond, coordination bond, hydrogen bond,
and hydrophobic (or solvophobic) interaction. Likewise, the polymeric and naturally occurring
physically assembled gels can be categorized based on the type of bonds.
In ionic-bonded physical gels, the association of polymer chains occurs via. ionic bonds [178,
172, 66]. An example of ionic gel is alginate hydrogel. The alginate polymer consist of sequential
or alternative mers of guluronic (G-unit) or mannuronic acids (M-unit). Presence of multivalent
metal ions like Ca2+ or Fe+3 ions bind the G-G or M-M units together by interacting with the
carboxylic acid group present in the G and M units. This results in a hydrogel that consists of
ionically crosslinked polymer network swollen in the water.
Gels in which chains are crosslinks by hydrogen bonds are most common in nature. A few
examples are gelatin [79, 10, 51], agar [13], alginic acid [38], and carrageenan [36]. Here, the
gelation is governed by a thermally induced sol-gel transition. For example in gelatin hydrogel,
which is basically collagen dissolved in water, the helical polymer chains unravel on the application of thermal load. As the solution is cooled, the polymer chains form intertwined helical
structure. At low temperatures, amines and hydroxyl groups present in those poly(peptide) chains
form hydrogen bonds with water resulting in a physically crosslinked gelatin gel.
Physically crosslinked hydrogels also can form as a result of hydrophobic-hydrophobic interactions. For the case of solvent other than water, these interactions are generally referred to as
solvophobic-solvophobic. An example of such a kind of gel is pluronic hydrogel that consists
of poly(ethylene oxide)-poly(propylene oxide)- poly(ethylene oxide) [PEO-PPO-PEO] triblock
2

copolymer dissolved in water [4, 62]. These triblock copolymers are often referred to as ABAtype copolymers. Here ”A” represents PEO-block (or endblock) and ”B” represents PPO-block
(or midblock). At the lower temperature, PEO and PPO are soluble in water, however, an increase
in temperature reduces the solubility of PPO chains in water. Therefore, the solvent quality to
the PPO-blocks become poor and water can be understood as an A-selective (or PEO-selective)
solvent. Consequentially, a few of the PPO-blocks chains collapse together to form a core, however, the PEO-blocks remains soluble in water acting like a corona of the PEO cores. The net
structure is self-assembled micelles with the solvent trapped in between the PEO chain and between the micelles. At higher polymer concentration, these independent micelles self-assemble
to produce different type of microstructure that leads to very interesting properties. The attractive interaction of these micelles is due to the inter-penetrating PEO chains (especially non-polar
group) at the corona surface where two micelles are in contact. The repulsion between micelles
is due the excluded volume effect. These two forces balance the self-assembly of micelles [101].
A similar structure can be formed using AB-type copolymer in either A- or B-selective solvents
[27, 26, 15, 119].
The present work is focused on gels that display a similar microstructure as pluronic hydrogels. These gels also consist of ABA-type triblock copolymer dissolved in a B-selective solvent
[93, 92, 158, 132, 134, 41, 43, 42, 40, 112, 119, 177, 176]. An example of such a gel is acrylic gel
which is poly(methyl methacrylate)-poly(n-butyl acrylate)- poly(methylmethacrylate) [PMMAPnBA-PMMA] dissolved in 2-ethyl-1-hexanol or in butanol [132, 134, 41, 43, 42, 40, 177, 176]. A
schematic of the acrylic gel microstructure is provided in Figure 1.1A to compare with the Pluronic
gel microstructure in Figure 1.1B.
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Figure 1.1: Microstructure of ABA triblock copolymer in solvent. (A) Pluronic gel consist of
ABA triblock copolymer in A-selctive solvent,(B) Acrylic gel consist of ABA triblock copolymer
in B-selctive solvent.

1.2

Theory
The present work is focused on understanding the thermo-mechanical behavior and microstruc-

ture of physically assembled gels that consist of ABA-type triblock copolymer dissolved in a Bselective solvent. These polymers are generally synthesized by anionic polymerization that leads
to a low degree of polydispersity index. The A-blocks are in glassy state and B-blocks are in the
rubbery state at room temperature. Two kinds of polymers were extensively used in the literature
viz. (1) poly(methyl methacrylate)-rubber- poly(methyl methacrylate) [PMMA-PnBA-PMMA],
where rubbery block can be poly(n-butyl acrylate) [PnBA] or poly(tetra-butyl acrylate) [PtBA]
[132, 134, 41, 43, 42, 40, 177, 176], (2) poly(styrene)-rubber-poly(styrene) [PS-PI-PS] where the
rubbery block can be poly(isoprene), poly(ethylene/butylene) [PEB], or poly(ethylene/propylene)
[PEP] [93, 92, 158]. These polymers form gels when dissolved in a midblock selective solvent. For
the PMMA-rubber-PMMA system, the midblock selective solvents used were 2-ethyl-1-hexanol or
4

butanol, however, for the PS-rubber-PS system, the midblock selective solvents used were mineral
oil, tetradecane or squalane.

1.2.1

Thermodynamics of Physical Association

The interaction between respective polymer blocks (A and B) and solvents (S) can be understood in the terms of their respective Flory-Huggins interaction parameters (χAS and χBS ). The χ
is a function of temperature and can be expressed mathematically as [128]:

χ(T ) = C1 +

C2
T

(1.1)

Here, T represents the temperature in the Kelvin scale, C1 and C2 indicate the entropic contribution and enthalpic contribution to the χ parameter, respectively. For χ > 1/2, the entropy of
mixing is not enough to overcome the enthalpic interactions between polymer and solvent. Thus,
the polymer prefers to maintain contact with itself and the solvent is poor to the polymer. On
the other hand, χ < 1/2 indicates that entropy of mixing offsets the poor interaction between the
polymer and solvent, thus, the solvent is considered as a good solvent. Also, at χ = 1/2 and at low
polymer concentration, the solution is considered as an ideal solvent [128].
Figure 1.2 depicts the χ parameter of PMMA (χAS ) and PnBA (χBS ) with n-butanol as a function of temperature and serves as an example here to understand the effect of χ-parameter [176].
As can be observed at 80 ◦ C, the χ parameter for PMMA and PnBA is ≈0.5 indicating that both
of the blocks are soluble in n-butanol. However, with a decrease in temperature, the χBS remains
almost same over long range of temperature, while the χAS increases rapidly indicating that the solvent quality has become poor for the PMMA-blocks and PMMA-PMMA contact is preferred over
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Figure 1.2: Flory-Huggins interaction parameters of poly(methyl methacrylate [PMMA] and
poly(n-butylacrylate) [PnBA] in 1-butanol as a function of temperature [176].

PMMA-solvent contact. As a result of which, the PMMA blocks associate at room temperature to
form aggregates. These aggregates act as physical crosslinks in the polymer network.

1.2.2

Microstructure Characterization

The elements of polymer network like inter-aggregate distance and aggregate size are smaller
than the wavelength of visible light (≈400 nm), therefore, optical methods often fail to capture
the gel microstructure characteristics. Here, small-angle x-ray scattering (SAXS) and small-angle
neutron scattering (SANS) techniques are useful in understanding the structure of polymer network
that forms within the gels. In both experiments, an incident beam of monochromatic x-ray/neutron
is targeted on the sample. Due to the scattering from electron cloud in case of x-ray or from the
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nuclei in case of neutrons, the beam scatters, which is further captured by a detector reflected in
a 2D pattern, as shown in Figure 1.3. The contrast in SANS technique can be adjusted in order
to focus on a particular element of the network, however, the SANS technique suffers from the
poor contrast and a low flux [176]. The poor contrast is due to the low scattering length density of
hydrogen atoms that are present in either solvent or in polymer. This problem can be eliminated
using the deuterated-solvents or deuterated-polymers, which are essentially costly. Due to the low
neutron flux, long exposure time is required to collect sufficient neutrons on the detector that is
required to interpret the microstructure. Therefore, to capture the gel microstructure with a good
contrast, SAXS is a preferred method due to its availability of high flux that requires the exposure
time as low as 50 ms.

Figure 1.3: A schematic of small angle x-ray/neutron experimental setup. A beam targetted on a
sample produces a 2D pattern on a detector.

1.2.2.1

Oscillatory Shear Measurements

Shear rheology is the most common tool to characterize soft materials. In this technique,
a shear strain is applied on the sample and resultant torque is used to calculate the viscoelastic
properties of the soft material. If the load applied to sample is in the form of stress, the resultant
7

strain is measured. Shear oscillatory measurement was used to probe into the gelation temperature
of gels and to understand the dependence of moduli on the oscillation amplitude (γ0 ) and frequency
(ω). In the oscillatory shear experiments, applied strain (γ) can be expressed mathematically in the
form of sine wave function varying with time (t) as [46]:

γ = γ0 sin(ωt)

(1.2)

The resultant stress can be decomposed in the form of Fourier coefficients as:
odd integers

σ(t) = γ0

X

G0n (γ0 , ω) sin(nωt) + G00n (γ0 , ω) cos(nωt)

(1.3)

n=1

where n represents the eigenvectors of the transformation. G0 and G00 are the storage and loss
modulus representing the elastic and viscous properties of the material, respectively. For non-linear
viscoelastic material, n > 1, therefore n coefficients are required to define the moduli. Non-linear
behavior generally occurs at high strain amplitude values, where moduli of the materials deviate
from linearity due to the change in their microstructure. Recently, Chebyshev coefficients are also
shown to capture the non-linear behavior of the materials [44], which is out of the scope of this
work.
For linear viscoelastic materials, n = 1, therefore, Eq. 1.3 can be rewritten as [46]:
σ(t) = γ0 (G0 sin(ωt) + G00 cos(ωt))

(1.4)

For linear viscoelastic materials, the resultant stress can also be represented in a form of sine
wave with a phase lag of δ. Mathematically, it can be expressed as [46]:

σ = σ0 sin(ωt + δ)
8

(1.5)

Comparing Eq. 1.4 with the trigonometric expansion of Eq. 1.5, G0 and G00 can be related as
[46]:
G0 = (σ0 /γ0 ) cos(δ)

(1.6)

G00 = (σ0 /γ0 ) sin(δ)

(1.7)

G00 /G0 = tan δ

(1.8)

and

1.2.3

Fracture Experiments

The fracture behavior of gels has been investigated using tearing test machine, compression
tests (or contact mechanical test) and pure-shear mode fracture setup. The fracture energy of a
material is often known in the form of energy release rate in order to eliminate the sample geometry
effect. The energy release rate (Γ) is defined as the energy required to create a unit surface area.
Mathematically, Γ = dU/dA (J/m2 ), where dU is the change in potential energy upon creating the
dA unit of surface area [150]. In the tearing test machine, the cut is applied to the width-plane of
the sample with a thickness of w. One arm of the sample remains clamped and the second arm is
pulled upward (90 ◦ ) at constant velocity. The Γ is calculated as [148, 149]:

Γ=

F
2w

(1.9)

where F is the force applied for tearing the sample. The tearing tests were used for investigating
the fracture behavior of poly(acrylamide) gels [148] and double network gels [149].
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In the compression test, a spherical indenter is compressed against the flat surface of a gel.
Images were taken during the experiments. The contact area between gel and indenter can be
estimated using an image processing program. The energy release rate was calculated as:

Γ=

F − 4E ∗ a3 /3R2
8πE ∗ a3

(1.10)

where πa2 is the contact area, F is applied force, E ∗ is effective modulus, and R is the radius of
indenter [89].
In the pure shear mode fracture setup, the gel sample was held between two bars using a
Velcro and a sharp notch was introduced to facilitate the crack propagation. The experiments
were performed using pure-shear mode loading, which emphasizes that (1) the sample is strictly
incompressible, and (2) the sample width is very large in comparison to the height of the sample.
Assume that the sample height direction is 1, width direction is 2 and thickness direction is 3.
Maintaining such conditions can be used to relate the applied stretch ratio (λ) with the axial stretch
ratios (λi s) as [173]:
λ1 = λ, λ2 = 1, and λ3 =

1
λ

(1.11)

which is a condition for the pure shear [153]. The energy release rate (Γ) was calculated using the
energy stored in the sample upon applying a stretch ratio of λ. The stored energy in the sample at
a particular crack-length (ai ) can be estimated as [7, 8, 10]:

hf 0
Γi =
tf 0 lf 0

Z
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ai+1

Fi dλ
ai

(1.12)

where, Fi is the force applied to increase the crack length from ai to ai+1 , while stretching the
sample by dλ. The hf 0 , tf 0 , and lf 0 represents the height, thickness, and length of the sample,
respectively.
In the literature, two types of experiments were performed. In the first type of experiments,
the sample was stretched with a constant velocity until the crack-tip propagated to about one-third
of the sample length. The stretching was then stopped in order to allow the crack to propagate
spontaneously to the end of the sample. This type of experiment was referred as the quasistatic
experiment (QS) and provides a constant crack velocity, which provides a single data point on the
energy release rate (Γ) vs. crack-tip velocity (v) plot. In the second type of experiments, the sample
was constantly stretched with a fixed velocity unless the crack reached to end of the sample. This
is referred to as the material saving experiment (MS) and provides multiple data points on a Γ − v
plot [8].

1.2.4

Cavitation Rheology

Cavitation rheology is a recent emerging technique useful in probing the local inhomogeneities
in gels and biomaterials. This technique is based on the instability behavior of a cavity growing
in an infinite hyperelastic media [54, 55, 53]. The cavity instability (or cavitation) behavior was
harnessed to probe into the local inhomogeneity of the hyperelastic materials [182, 181, 180, 87,
65]. In this technique, a syringe is inserted in a gel sample to create a defect. The defect is
pressurized with an incompressible fluid using a syringe pump. The compressible fluid is ofter
water or air. A schematic of experiment is shown in Figure 1.4A and the custom-built setup is
represented in Figure 1.4B. With increase in the pressure, the cavity grows. The applied pressure
11

is recorded as a function of time, which varies linearly with time. The growth of cavity is recorded
with a high-speed camera. For a material following neo-Hookean relationship, the applied pressure
can be mathematically expressed as [55, 53, 73]:
5
2
1
P
= −
− 4
E
6 3λ 6λ

(1.13)

where E is the tensile modulus of the material and the λ is called stretch ratio. The λ is
defined as a ratio of final to initial radius of the cavity (= r/r0 ). The cavity growth is treated as if it
presents in infinite media so the effect of boundaries like sample container boundary and needle are
considered as negligible. At a certain pressure, the cavity becomes unstable and suddenly expands
leading to a drop in pressure as a result of its non-linear behavior. That maximum pressure is
known as critical pressure (Pc ), which scales with the gel tensile modulus (E) as Pc ≈ 5E/6, for
the gels that follow neo-Hookean behavior.
The relationship dictated by Eq. 1.13 was further modified by incorporating the spherical cap
geometry of cavity due to the presence of needle and the surface tension that originates from the
presence of solvent in the gel. The modified form of Eq. 1.13can be expressed as [87]:
! 

1
4ω (λ2 − 1) 2
2
1
P
5
=
−
−
+
E
r0 E
λ2
6 3λ 6λ4
Here, λ =

(1.14)

p
A/A0 is now square root of ratio of initial to final surface area (A) of cavity,

ω is surface tension of solvent, and the needle radius is r0 . The surface tension term represents
the contribution from solvent to resist the cavity expansion. Clearly, the effect of surface tension
weakens with the growth of cavity. For the gels that follow neo-Hookean material behavior, the
relationship for critical pressure at large deformations (λ → ∞) can be mathematically expressed
as: Pc /E = 5/6 + 2ω/r0 E, where r0 is inner radius of needle [87]. ω/r0 E is also known as
12

Figure 1.4: (A) A schematic of custom-built cavitation rheology setup. (B) Cavitation rheology
experimental setup.

elastocapillary number, which is the ratio of surface energy to elastic strain energy stored in the
material [87, 171, 67]. The cavity growth can be viewed as an increase in surface area of the defect,
therefore, it was also utilized to estimate the energy release rate of the material [98, 87].

1.3

Background
A significant understanding has already been developed between the gel microstructure and its

mechanical response through various experiments and numerical simulations tools. A summary of
literature is presented below.

1.3.1

Gelation Behavior of Physically Assembled Gels

The gelation behavior of physically assembled gel is mainly driven by the temperature-dependent
solubility of the respective blocks with the solvent [93, 92, 158, 132, 134, 41, 43, 42, 40, 112, 119,
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177, 176]. At higher temperature, both of the blocks are soluble in the solvent. As the temperature
is reduced, the solubility of the A-block decreases steeply, as a result of which, the A-blocks begin to minimize the interaction with solvent by reducing their surface area. At adequate polymer
concentration, a few of the A-block collapse together to form aggregates in order to reduce the
surface area exposed to solvent [158, 176]. On the other hand, the B-blocks solubility does not
change significantly with the temperature. Therefore, B-blocks remain swollen in the solvent and
bridge those aggregates [133]. Together, they lead to formation of a three-dimensional physically
crosslinked polymer network swollen in the solvent.

Figure 1.5: Gelation behavior of a gel consisting of ABA triblock copolymer in midblock or
B-selective solvent. At high temperature both blocks are soluble in solvent. As the temperature is
reduced, A-blocks collapse together to form aggregates and B-blocks remain swollen in solvent
and bridge those aggregates.

Gelation behavior is often captured using the rheology [93, 92, 158, 132, 134, 41, 43, 42, 40,
112, 119, 177, 176]. The samples are loaded in the liquid form on the rheometer and applied with
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oscillatory shear strain with low oscillation amplitude and low frequency, while the temperature is
decreased gradually. The idea is to probe into the gel response without disturbing the physical assembly process. At higher temperatures, the G00 is higher than the G0 indicating a viscous solution.
With the decrease in temperature, both G00 and G0 begin to increase indicating the formation of
microstructure. An increase in G0 indicates the material ability to store the applied strain energy as
a result of increased elastically-active load-bearing chains. An increase in G00 indicates an increase
in the viscosity due to the resistance offered to the movement of solvent under applied shear load.
At a certain temperature, known as gelation temperature (Tgel ), a crossover of G00 and G0 occurs.
The Tgel signifies a transition from liquid-like to solid-like behavior of system. Further reduction
in temperature causes the G0 to be higher than the G00 indicating a solid-like behavior of gel. Figure 1.5 depicts the change in the gel microstructure with reduction in temperature. The change
in gel behavior from solid-like to liquid-like with the application of thermal load make these gels
thermoreversible [93, 92, 158, 132, 134, 41, 43, 42, 40, 112, 177, 176]. Due to the property of behaving like a viscous solution at higher temperature and as an elastomer at the lower temperature,
these gels are often referred to as thermoplastic elastomeric gels (TPEG). Factors affecting gelation behavior of such gels are identified as temperature [92, 132, 176], polymer molecular weight
[134], relative blocks molecular weight [15] and solvent compatibility to the respective blocks of
polymer [176].
As discussed previously, these gels are thermoreversible in nature. Once the gel is formed, a
further decrease in temperature can also lead to the evolution of gel microstructure. This transition
was reported for acrylic gels and a further jump in G0 and G00 was observed at ≈ 0 ◦ C [176].
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This was attributed to the continuous decrease in the PMMA solubility in solvent with decrease in
temperature that forces the PMMA chains to minimize the interaction with solvent.
Figure 1.6 represents the network formation in the gel that consists of ABA triblock copolymer dissolved in the midblock selective solvent as a function of polymer volume fraction (φ). At
low polymer concentration, the A-blocks associate to form aggregates. Due to the low chain density, the aggregate density is less and the aggregates are smaller in size. As a result of which, the
B-blocks are unable to connect the aggregates and form loops or remains as dangling chains (Figure 1.6A) [158, 133]. The formation of dangling chain or loop is a result of an interplay between
enthalpic penalty associated with A-chains in poor solvent and entropic penalty required to bend
the midblock chain in order to form a loop. Broadly speaking, for a given solvent, a polymer with
shorter midblocks are expected to form dangling chains than loops that are favorable for the polymer with longer midblocks. At this stage, the gel does not form and the polymer solution behaves
like a viscous liquid. The rheology performed on this system indicates a higher G00 than G0 .
With further increase in φ, the aggregate density increases leading to a decrease in the interaggregate distance [132]. A few of the B-blocks are able to bridge the aggregates. The resultant
solution is a weak gel with a higher G0 than G00 . The average number of polymer chains that contribute to form an aggregate is called aggregation number, and the minimum polymer concentration
needed to form a gel is known as critical micelle concentration.
The G0 lies in the range of 10-100 Pa and the microstructure still is dominated by loops which
contribute to the gel viscosity (Figure 1.6B). As a result, the difference between G0 and G00 is less
than an order of magnitude. As the φ is increased further, a significant increase in the bridge fraction occurs leading to a higher G0 , and the difference between G00 and G0 is around two orders
16

Figure 1.6: A schematic showing the effect of polymer volume fraction (φ) on the micellar
microstructure evolution of the gel. At low polymer concentration the polymer chains form loops
(A), with an increase in concentration some of the polymer chains connect to other aggregates
leading to the formation of weak gel (B), a further increase in φ increases the number of bridges
(C).

of magnitude. Due to the negligible viscous dissipation, the gels are treated as elastomers. With
further increase in the polymer volume fraction, the existing aggregates start to grow bigger rather
than forming new aggregates (Figure 1.6C). This is due to the less space available to accommodate the new aggregates with stretched midblocks. As a result, the aggregation number increases
rapidly, however, a slight decrease in the inter-aggregate distance can be noticed [132]. At this
stage, the midblocks prefer to form a loop rather than bridging the aggregates resulting in the saturation of gel modulus. A further increase in the polymer volume fraction may transform the gel
microstructure from micellar to cylindrical [92, 96]. A deeper study of cylindrical microstructure
behavior is out of the scope of this work.
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1.3.2

Fracture Behavior of Physically Assembled Gels

Fracture experiments were performed on gelatin gels. Glycerol was mixed with water to alter
the solvent viscosity (η) while keeping the same polymer volume fraction (5% w/w) [8, 7]. Recall
that the gelatin hydrogels are formed through the hydrogen bonds between poly(peptide) chains.
Therefore, the prominent underlying mechanism of gelatin fracture is the dissociation of those
hydrogen bonds. A linear dependence of the Γ on the crack-tip velocity (v) was observed for all
the samples. With an increase in the solvent viscosity, an increasing trend of Γ was observed.
When the Γ was plotted against the ηv, all the Γ − v curves overlapped. This indicates that the
viscous dissipation increases fracture energy in gels [8, 7]. The increase in the Γ with v is known as
velocity-toughening effect. Further, when Γ − v relationship is extrapolated to v → 0, the intercept
at the Γ-axis represents the critical energy release rate (Γ0 ). Γ0 signifies that the role of viscous
dissipation is negligible and the strength of polymer network dictates the energy release rate. The
Γ0 for 5% (w/w) gelatin gel was reported as 2.5±0.5 J/m2 [8, 7].
Additional experiments were conducted by wetting the crack-tip with water while the crack-tip
propagates [8, 7, 10]. A decrease of ≈2 J/m2 in Γ was observed in comparison to the case of dry
crack-tip [8, 7, 10]. Note that this value is significant in comparison to the Γ0 . An increase in the
Γ for dry crack-tip was attributed to the hydration energy penalty of gelatin chains. Also, during
the crack opening, there exists a highly stressed zone at the crack-tip. The solvent migrates from
highly stressed crack-tip region to the low-stressed bulk region leading to the solvent draining at
the crack-tip. This behavior is known as poroelastic effect [10, 162, 113]. An increase in the
polymer volume fraction increases the load-bearing chains in the gels, reflected by an increase in
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their modulus. The gel with higher polymer volume fraction indicates a higher Γ, as observed for
the case of gelatin gel [7].
A very similar result to the gelatin gel was also reported for the alginate gels, which shows a
linear relation between Γ − v, velocity-toughening, and decrease in Γ0 while the crack-tip was wet
[10]. Recall that the alginate gel is an ionically crosslinked gel with an egg-box shaped microstructure of the crosslinks [141]. The failure in this gel occurs due to the unzipping of saccharides
polymer chains that releases the metal ions in the solvent [66]. The Γ0 estimated for the 5% (w/w)
alginate gel was ≈4.6 J/m2 [10].
At the low crack-tip velocity, a logarithmically decrease in Γ was noticed for both alginate and
gelatin gels [10]. This downward trend was related with the kinetic theory of failure, according
to which, there exist an energy barrier required for the dissociation of chain. The energy barrier
decreases with the application of force, as a result of which, the probability of chain dissociation
increases [109]. In this situation, energy gained through thermal fluctuations could be sufficient to
dissociate a polymer chain from a physical bond. Thus, the energy release rate decreases logarithmically [10]. The logarithmic drop does not meet the v-axis, thus, a Γ0 could not be determined.
It was proposed for the very low crack-tip velocity that the rebinding of polymer chains may overtake the dissociation events leading to an observation of negative Γ or healing-effect [10]. A unified
model was presented to capture the full curve of Γ that consist of a logarithmic drop at lower v and
a linear behavior at high v. It was proposed that at lower crack-tip velocity, the failure is governed
by kinetic theory of failure, while at higher crack-tip velocity the viscous dissipation prevails [10].
Fracture behavior of the acrylic gels was investigated for the four samples consisting of two
different triblock polymers [134]. One of the polymers has a low and other has a high midblock
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molecular weight, while the endblock molecular weights were similar for both of the polymers.
Two samples for each polymer were prepared in 2-ethyl-1-hexanol with low and high polymer
volume fractions [134]. It was reported that Γ for all four samples varied with v 0.4 . The gel with
higher polymer volume fraction displayed a higher Γ. When the Γ was normalized against the
respective gel modulus, the effect of concentration vanished leading to the collapse of high and
low polymer concentration effect on Γ for a given polymer [134]. Therefore, an increase in Γ with
higher polymer volume fraction was attributed to higher load-bearing chain density. Further, the
gel with longer midblocks was reported to display higher Γ than the gel with shorter midblocks.
This was attributed to a higher drag force offered by solvent to the motion of longer midblocks
[7, 8, 9, 134, 10].

1.3.3

Cavitation in Physically Assembled Gels

The cavitation experiments are useful in probing into the local inhomogeneities in the gels
and biomaterials due to its in-vivo capability [181]. Cavitation experiments were performed on
the hydrogels like poly(acrylamide), poly(vinyl alcohol) [PVA] and poly(lactide)-poly(ethylene
oxide)-poly(vinyl alcohol) [PLA-PP-PLA] and a good agreement was reported between the modulus predicted by critical pressure as, E = 6Pc /5, and that observed from oscillatory shear measurements [182, 87, 180]. By varying the poly(acrylamide) hydrogel concentration, it was shown
that the Pc is significantly increased by the elastocapillary number of the gel [87]. Accordingly,
the equation was modified by incorporating surface tension term and spherical cap geometry. It
was also observed that with an increase in the needle radius (r0 ), the Pc decreases and a linear relationship was obtained between Pc and reciprocal of needle radius. Such behavior was attributed
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to the characteristic length of the needle tip that determines the surface tension contribution (refer
to Eq. 1.14).
Further, a neo-Hookean model was replaced with the Gent material model to investigate the
cavitation of acrylic gels which shows the strain-stiffening behavior [65]. It was observed that the
Pc predicted by Eq. 1.14 using a Gent model estimates only 10% of the experimentally observed
critical pressure. It was argued that exposing the polymer chain to air during cavitation also contributes to the surface energy and the solvent surface tension is not sufficient to describe the effect
of surface tension. Therefore, an increase in surface tension value to 10 times can capture well the
cavitation behavior of acrylic gels. Cavitation geometry was also mimicked to perform the finite
element simulation. It was reported that the presence of needle deters the expansion of cavity and
a high-stress concentration region exist around the needle-tip. Resultantly, the presence of needle
increases the required pressure for the cavitation to occur. Considering this, the relationship was
modified to Pc = 1.02E which earlier was Pc = 5E/6 [75].

1.4

Challenges with Physically Assembled Gels
Although a good understanding is developed over the last 3 decades about the mechanical re-

sponse of polymeric gels based on their microstructure, relating gel behavior to large deformations
on the basis of microstructure still suffers a clear insight. Since the failure of soft material occurs
at large deformation, a lack of such understanding extends to insufficient knowledge of their failure mechanism. Consequentially, a good agreement between theoretical and experimental values
of energy release rate could not be obtained. There are a number of reasons for observing this
discrepancy, some of which are listed below.
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There is a limitation of commercially available ABA-type polymers, which has a sequential
variation in molecular weight of A-block and B-block. This limits the research that requires understanding the effect of each block length on the gelation behavior and corresponding change in the
microstructure. Some researchers have synthesized or modified the triblock copolymer, however,
such a synthesis process involves complexity and it also starts from the commercially available
polymers [92, 165, 155].
The pullout energy of endblocks from the aggregates is often considered low, which is the order
of a few kb T . This leads to a lower estimation of energy release rate by 1-2 order of magnitude
than that observed experimentally. Estimation of physical bond dissociation energy can provide a
true energy release rate of the gels.
There is a lack of availability of commercial instruments for the mechanical testing of the
soft materials. The deformation in soft materials occurs throughout the sample and their low
modulus limits their testing on commercial machines. It was shown that using stretch applied to
sample estimates the strain around 10 times higher than the real strain experienced by the sample
[112]. Another problem is the gripping of soft samples that lead to their pre-stressed condition,
therefore, development of new techniques are necessary to comprehend the material response at
large deformation.
The gel behavior is mostly modeled with the purely hyperelastic materials models like neoHookean, Gent or Fung model. Such a lump model clearly ignores the role played by the elements
of polymer network like viscous dissipation, surface tension, and midblock entanglements. It also
ignores the effect of change in the gel microstructure at large deformation. Such investigation
required a comprehensive study of a gel by varying the parameters listed above.
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There is also a limitation of experimental methods to capture the microscopic phenomena that
occur within the gel subjected to a load. A few examples of microscopic phenomena are the
effect of stress relaxation in gels during the fracture or cavitation and the poroelastic effect during
large deformations creating a local inhomogeneity in the gel. Modeling techniques are useful to
capture the coupled and individual effect of each mechanism that governs the gel response. A
comprehensive model that captures such effects is not presented in the literature.

1.5

Motivation
Significant progress has been made to relate the microstructure of physically assembled gels to

their macroscopic properties. Such understanding was exploited to engineer the existing gels or to
device new gels with better and desirable properties. However, such a relationship can not predict
gel behavior when subjected to large deformations. The main reasons are (1) treatment of polymer
network in gel as a rubber network -an elastomer, (2) applying the small deformation observation
to predict the large deformation responses, (3) ignoring the factors originated by the presence of
solvent like viscous dissipation, poroelasticity and surface tension, (4) ignoring the contribution
of building block elements of polymer network like mid-block (load-bearing chains) length and
its concentration, and (5) lack of sophisticated instruments dedicated to gel mechanical testing.
Large deformation also leads to fracture of the gel, therefore, the failure mechanism of the gel
suffers from lack of understanding. At large deformations, a deviation occurs from the structureproperty relationship established for the low strain values. It is repeatedly reported in literature that
the fracture energy estimated by scaling up the bond breakage in physically assembled polymer
networks is 1-2 order less than that observed though experiments.
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Such discrepancies between experimentally observed and theoretically predicted fracture energy release rate can be abridged by identifying potential mechanisms that contribute to the gel behavior at large deformations. Thermoplastic elastomeric gels (TPEG) consist of a triblock copolymer dissolved in the midblock selective solvent is a good candidate for such investigation. They are
well explored in literature for their low strain mechanical behavior and microstructure evolution
with temperature. Physical association of polymer chains, presence of solvent, low modulus, and
thermoreversible nature make them more suitable for this study. The experiments are generally
limited by instruments and do not represent the loading conditions during real-world applications,
thus, development of a model is necessary to capture the micro-mechanisms in order to observe
the effect of each parameter independently, and to simulate the gel at practical loading conditions.
Such a comprehensive understanding will enable the tuning of desirable mechanical properties in
existing gels and can be extended to the chemical gels and double network gels. This motivates us
to investigate deeper in the polymer dynamics of gels network subjected to large deformations.

1.6

Organization of Dissertation
The goal of this dissertation is to achieve a deeper understanding of the structure-property rela-

tionship by varying the elements of polymer network like midblock length, polymer concentration,
and midblock concentration. The present work aims to gain a clear understanding of the parameters that dictate the fracture energy of gels. The presented results are also applicable to other
useful gels like gelatin, chemically-crosslinked gel or double-network gel, which shares the same
elements of polymer network.
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Chapter 2 explores the mechanical properties of a TPEG that consist of PS-PI-PS in mineral oil
subjected to various mechanical loadings. Due to the high PI molecular weight, the PI midblocks
are entangled. The effect of midblock entanglements on the mechanical responses of the gel subjected to various mechanical loading is presented. This chapter also proposes a theory to estimate
the energy required to pull the endblocks out of the aggregate. A comparison is made between
experimentally observed and theoretically estimated fracture energy.
Chapter 3 extends the understanding of midblock length by comparing the gel used in Chapter
2, as a model, with two other gels composed PS-PI-PS in mineral oil. One of the gel has shorter
midblock and other has longer midblock than the model gel, however, the endblock molecular
weights are similar. All three gels display similar low strain moduli at room temperature. The
microstructure of gels were also compared using SAXS. The chapter concludes that the higher
degree of midblock entanglement increases the viscous dissipation by delaying the chain motion.
The midblock entanglements are also useful in increasing the creep failure time. The results can
be applied to develop tougher gels by increasing the length of load-bearing chains.
Chapter 4 provides the understanding of varying the polymer volume fraction while transiting
smoothly from non-entangled midblock to entangled midblock regime. The increase in polymer
volume fraction changes the respective microstructure of gels that further leads to an increase in
gel moduli. The mechanical properties and relaxation times of various gels were compared and
attempted to connect to their microstructure. The results are useful to relate the change in gel
microstructure to its mechanical response.
Chapter 5 helps to gain insight into the role of midblock in increasing the viscous dissipation.
In fact, it helps to decouple the effect of midblock concentration and midblock entanglement in
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increasing the viscous dissipation. Midblock homopolymer was added in a gel in two different
proportions and its mechanical responses were compared with the pristine gel, which has slightly
entangled midblock. It was observed that the effect of midblock entanglement has a prominent
effect on the viscous dissipation than higher midblock concentration, which significantly increases
the energy release rate. However, the change in microstructure upon adding the homopolymer
was insignificant. The results are useful in engineering the existing gels to display higher viscous
dissipation in order to obtain high fracture toughness.
Chapter 6 explores the microstructure evolution of acrylic gels in 1-butanol over a wide temperature range. It provides evidence of the second transition that occurs at lower temperature
and reflects in increased gel moduli. This change was captured by using RheoSANS technique at
NIST, Gaithersburg. Gel samples were also applied with the step-strain, and an attempt was made
to capture the change in their microstructure while relaxing.
Chapter 7 is focused on understanding the effect of surface tension and boundary confinement
on the cavitation behavior of soft materials using the finite element approach. Due to the presence of surface tension and boundary confinement, the material appears to be stiffer. This work
aims to decouple the effect of surface tension and material modulus on mechanical responses of
the material. It also provides an insight into mechanical behavior of the material with very high
values of surface tension that can not be accessed through experiments. The presence of boundary
proximity can also induce the artificial stiffness to the material. Thus, this work provides a safe
distance between sample container boundary and the center of needle tip in order to minimize the
stiffness induced by the sample container boundaries.
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Chapter 8 elucidates the effect of viscous dissipation on the cavitation behavior of the polymeric gels. Stress relaxation experiments were performed on a gel consisting of PS-PI-PS in white
mineral oil. A generalized Maxwell model was used to capture the viscous dissipation part that is
responsible for the energy dissipation. The model was then used to simulate the cavitation behavior
of soft materials and compared with the responses of pure elastic materials. Effect of pumping rate
on cavitation behavior of gels is also shown to affect the critical pressure obtained in cavitation
experiments. This work emphasizes the role of viscous dissipation in obtaining critical pressure.
Chapter 9 starts with summarizing the results from this work and provides the future direction
required to gain further understanding. It also suggests further experiments that are necessary to
understand the large deformation of polymer gels based on the change in their microstructure.
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CHAPTER 2
INVESTIGATION OF FAILURE BEHAVIOR OF A THERMOPLASTIC ELASTOMER GEL

2.1

Introduction
Thermoplastic elastomer gels (TPEGs) are a class of polymeric gels that behave like an elastic

material at the application condition but soften and flow upon heating [111, 92, 158, 132, 134, 41,
27, 26, 42, 40, 65, 177, 119, 176]. TPEGs commonly consist of a thermoplastic triblock copolymer
[ABA] in a midblock (B) selective solvent. In these triblock copolymers, the endblocks (A) are
glassy, and the midblocks are rubbery. In the gel state, the endblocks associate to form aggregates
acting as crosslinks, whereas, the midblocks bridge those aggregates leading to a three-dimensional
swollen, physically crosslinked network (or physical gels). The mechanical properties of these
gels vary with the underlying structure, which depends on the polymer concentration, polymer
architecture (molecular weight and block length), and polymer-solvent interaction. The interaction between the polymer and solvent is a strong function of temperature, rendering these gels
thermoreversible. The endblock aggregates are typically spherical at lower polymer concentration
[132, 134, 177, 176]. but can transform to cylinders or larger clusters with an increase in polymer
concentration or decrease in temperature [96, 176].
The TPEGs are highly stretchable and display significantly higher fracture toughness [134, 112,
14]. that make them attractive for many applications, including ballistic applications [112]. microfludic devices [146], dielectric elastomers [137], and prosthetic and personal applications [24].
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Since these TPEGs are subjected to mechanical deformation [139, 112]. it is extremely important
to understand the failure behavior of these gels. But such understanding is lacking, despite significant insights in the gelation process and structure of these gels [92, 158, 132, 134, 41, 42, 40, 65,
176]. Towards that goal, we investigate the failure behavior of a gel consisting of poly(styrene)poly(isoprene)-poly(styrene) in mineral oil (referred to as SIS gel hereafter) subjected to tensile
deformation, a constant load (creep failure), or fracture initiated from a defect.
In general, two different TPEGs have been commonly discussed in the literature: (i) poly(styrene)rubber-poly(styrene), in the midblock selective solvents such as mineral oil, tetradecane, and
squalane.

The

rubbery

block

can

be

poly(isoprene),

poly(ethylene/butylene)

or poly(ethylene/propylene). (ii) poly(methyl methacrylate)- poly(n-butylacrylate)poly(methylmethacrylate) in 2-ethyl-1-hexanol or n-butanol (referred to as acrylic gel hereafter).
Since mechanical characterization of soft gels using conventional tools is difficult, most of the
literature data on these gels are based on conventional shear-rheology [92, 158, 132, 134, 41, 43,
42, 40, 112, 177, 176]. Particularly, the shear-rheology experiments have been able to capture the
relaxation behavior, which involves endblock pullout from aggregates and subsequent reattachment to another aggregate [132, 40, 177, 119]. The relaxation time has been shown to depend
on the polymer block molecular weights [132, 158, 119], temperature [176], and the presence of
nanoparticles [177]. It has been shown that in simple-shear mode, fracture takes place through
strain localization, described as the damage accumulation in the deformed network, leading to localized failure of the gel [42]. Fracture in physical hydrogels differs from that in the chemically
crosslinked gels (or chemical gels), as the former involves breaking of physical bonds, or chain
pullout from the aggregates, in comparison to the scission of chemical bonds in chemical gels. For
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[ABA] copolymer gels in a midblock selective solvent, there is an unfavorable enthalpic interaction
between the endblocks and the solvent, which complicates the understanding of fracture process
[27, 26, 119].
Because of their applications in many areas, tension, compression, creep, and fracture behavior of TPEGs are increasingly being studied using custom-developed tools/ techniques [7, 134, 112,
14]. In a recent study, rate-dependent mechanical properties of poly(styrene) -poly(ethylene/butylene)poly(styrene)(or SEBS) gels have been captured [112, 14]. Failure behavior of acrylic gels has also
been investigated using cavitation rheology experiments [87, 65]. Interestingly, the critical pressure for cavitation- the pressure at which a sudden expansion of cavity volume takes place- has
been found to be higher than that predicted by the Gent model, estimated through an analytical approach and finite-element modeling [55, 182, 87, 65, 75, 106]. Such behavior has been attributed
to the fracture in the gels that takes place during the rapid cavity growth [65]. Failure of acrylic
gels has also been investigated and it has been demonstrated that the energy release rate (Γ) -the
energy required to create a unit surface area [150]- increases with increasing polymer concentration and midblock molecular weight [134]. Also, Γ displays a power law dependence with the
crack-tip velocity. Such velocity dependence can be attributed to the viscous drag that those chains
experience when stretched through the solvent (and any other viscous dissipation processes). At a
sufficiently low crack-tip velocity, the viscous dissipation can be ignored and a critical or threshold
energy release rate (Γ0 ) can be obtained [148, 7, 8, 10]. In many gels, creep experiments, which are
relevant to numerous applications, provide additional information regarding failure under constant
stress with magnitude higher than the shear modulus. For biopolymer gels, creep experiments capture delayed fracture behavior [13, 136, 157]. For polyampholyte hydrogels, Gong et al. reported
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a thermally activated process [81]. For TPEGs, creep failure has not been investigated widely,
therefore motivating us to compare the behavior of these gels with other soft gels.
In addition, the experimentally determined value of Γ0 needs to be compared with the theoretical prediction using scaling arguments to achieve further understanding of the gel failure process.
For vulcanized rubbers and other chemically crosslinked networks without any solvent, the Lake
and Thomas (LT) theory provides a good estimate of Γ0 [91]. According to this theory, when
a bond in a chain breaks during the fracture process, the energy stored in the chain is released
[91, 164, 163, 31]. The LT theory has also been extended to chemical gels with some success, but
this theory typically underpredicts Γ0 , in comparison to the experimental results [148, 7, 10, 3, 31].
The origin of such a discrepancy is still an open question [10, 3]. For the TPEGs, application of LT
theory is not straightforward, as the fracture process involves chain pullout from aggregates and
unfavorable interactions between the endblocks and the solvent.
To elucidate the failure behavior of TPEGs, we consider a physically assembled gel of SIS in
mineral oil. Due to the long midblock length, the midblocks in these gels are expected to be entangled. Rheology experiments have been conducted to capture the relaxation mechanism and the
level of entanglement. Small angle X-ray scattering experiments (SAXS) were used to investigate
the gel microstructure. The failure behavior of these gels has been investigated through tensile,
creep, and fracture experiments. Tensile experiments were carried out in order to demonstrate the
strain rate dependence and entanglement effect on the mechanical properties. Further, the creep
failure experiments provide information regarding the activated volume and bond lifetime. At last,
an attempt has been made to relate the experimentally determined energy release rate to the gel
network structure.
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2.2

Experiment Details

Table 2.1: Characteristics of Kraton D1164 polymer. Agilient GPC was used to detemine the
molecular weight of polymer. PS and PI weight fractions are provided by supplier [71, 128, 103].
Component
PS
PI

%
wt
0.29
0.71

Mn
Me melt
(kg/mol) (kg/mol)
32.4
17
79.4
6.4

b
(nm)
1.8
0.84

M0
δ
(kg/mol) (MPa)1/2
0.72
18.6
0.120
16.6

For the present study, we chose D1164 (provided by Kraton Inc.) as a polymer and Klearol R
white mineral oil (provided by Sonneborn Inc.) as a midblock selective solvent. D1164 is an
[ABA] triblock copolymer where the ”A” block is poly(styrene) [PS] and the ”B” block is poly(isoprene) [PI]. The molecular weight of D1164 was measured using an Agilient GPC at 135 ◦ C
using 1,2,4-trichlorobenzene as solvent. Based on the polystyrene standards, the overall number
average (Mn ) and weight average (Mw ) molecular weight of the polymer were determined as ≈
112 kg/mol and ≈ 125 kg/mol, respectively. Based on the manufacturer datasheet, the average PS
content of the polymer is 29 wt% and the PI content is 71 wt%. Since a polymer chain consist of
two PS endblocks, molecular weight of each PS endblock is Mn,P S ≈ 0.29×112/2 ≈ 16.2 kg/mol
(DP ≈ 156) and the molecular weight of midblock PI is Mn,P I ≈ 79.4 kg/mol (DP ≈ 1166). A
TA Instruments Discovery HR-2 hybrid rheometer equipped with a Peltier plate was used for the
rheological investigations. A 25 mm diameter parallel plate geometry with a gap of 1 mm was
used for all experiments. To avoid the sample slippage at the rheometer plates, a 240 grit silicon
carbide adhesive-backed sandpaper (Allied High Tech Products Inc.) was attached to the top and
bottom plates.
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For sample preparation, D1164 with specified proportion was dissolved in mineral oil at 140 ◦ C
for 6 h by using a magnetic stirrer (at 200 rpm). To remove any possible concentration gradient,
the sample was further mixed using a vortex mixer at 1200 rpm for 30 s. The sample was then
placed in an oven at 140 ◦ C for 6 h to obtain a transparent solution without any bubbles. Most of
the experiments conducted here have been performed on the 20% gel (w/w), which is equivalent
to 18.1%(v/v) (volume fraction, φ = 0.181) considering the specific gravity of polymer and the
solvent as 0.94 and 0.83, respectively. To prepare the gel samples, the polymer solution was
removed from the oven and was rapidly poured in a flat mold with a depth of 1 mm. The sample
was then cooled at room temperature for 30 minutes to allow the gelation to take place. The gel
sample was then cut into smaller pieces for rheology experiments. The rheometer bottom plate was
heated to 100 ◦ C for sample loading and was cooled down to the experimental temperature after
sample loading. During cooling, a small amount of negative normal force developed, which was
eliminated by compressing the sample further by about 30 µm before starting the experiments.
Small angle X-ray scattering (SAXS) results were obtained at room temperature using a SAXS
setup at the University of Southern Mississippi with a 10 m beamline. A custom NCNR macro in
Igor Pro (version 6.37) and a custom built script were used for data fitting [86, 176].
Tensile and creep failure experiments were performed at room temperature using a custom built
setup shown in Figure 2.1A-B. Dogbone samples with gauge length, lT 0 = 4.2 mm, breadth, bT 0 =
4.2 mm, and thickness, tT 0 = 9.5 mm (Figure 2.1A) were used [112]. These dimensions were
similar to that reported by Mrozek et al [112]. As shown in Figure 2.1B, instead of using clamps,
the dogbone sample was held by the help of four supporting pins fixed to the top and bottom
supporting blocks. During an experiment, the sample was stretched by moving the top supporting
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block using a moving stage (M414, Physik Instrument) (Figure 2.1B). LabVIEW software (NI
Instruments) was used for data capture and for controlling the experimental setup. A monochrome
camera (Grasshopper3, Point Grey Research Inc.) was used to capture images at ≈18 fps during
the experiments. The gel samples were marked with 3 lines, viz., 1, 2, 3 (Figure 2.1A) in the
gauge region. The distances between lines (i.e., 1-2, 2-3, and 1-3) during sample stretching were
estimated using a custom-built image analysis program developed in MATLAB with an accuracy
of ≈ 0.08 mm. The stretched distance between two lines divided by their initial distance was used
to estimate the stretch ratio (λ). This information was used to estimate a stretch rate (λ̇ = dλ/dt)
[112]. Tensile tests were performed at three λ̇ ≈ 0.0048, 0.048, and 0.455 s−1 , corresponding
to the three moving-stage or stretch velocities of 0.1, 1, and 10 mm/s, respectively. The nominal
(engineering) stress (σ0 ) value was calculated based on the initial cross sectional area of the sample
gauge region (bT 0 × tT 0 ). Experiments were repeated 8 times for each λ̇. The Savitzky-Golay filter
was used for data smoothing.
The creep failure experiments were performed for a set of σ0 values. Here, the sample was
stretched with a stretch velocity of 1 mm/s until a prescribed stress value was attained. Using a
feedback loop in LabVIEW, a constant σ0 value on the sample was maintained and the sample
failure through crack initiation and propagation was monitored. The failure time was calculated
from the time of application of full load to the time at which the fracture started. All experiments
were repeated at least 20 times for each σ0 value.
Fracture experiments were performed using a custom-built setup. A schematic of the setup is
shown in Figure 2.1C. A mold was used to prepare the samples of length, lF 0 = 75 mm, thickness,
tF 0 = 4 mm, and height, hF 0 = 50 mm, respectively. The sample was gripped in-between two
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bars clamped together by using a Butterfly Wing hand screw-bolt. To avoid slippage at the grip, a
soft textured shelf-liner (Duck Brand) was used. To facilitate the crack propagation, a notch with
a dimension of a0 ≈ 5 mm was introduced at the middle of the sample using a sharp razor. The
fracture experiments were preformed in two different ways [7].

Figure 2.1: (A) Schematic of a dogbone sample for the tensile and creep tests with the sample
dimensions. Solid arrows represent the stretching directions. (B) Stretched sample at the stretch
ratio (λ) of 1, 1.39, 2.15, 2.79, and 3.75 (B1-B5) for the strain rate of λ̇ =0.455 s−1 . (C)
Schematic of the fracture experiment setup with the sample dimensions. (D) Images capturing
crack propagation as a function of stretch (λ) of 1, 1.35, and 1.5 (D1-D3).

In the first set of experiments, the sample was stretched at 5 mm/s (stretch rate, λ̇ = 0.1 s−1 )
until the crack propagated to about one-third of the sample length. The stretching was then stopped
and the crack propagated spontaneously to the end of sample length (lF 0 ) with a constant velocity.
This set of experiments is referred as the quasistatic experiment (QS) [7]. In the second set of
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experiments, the sample was constantly stretched with a stretch velocity of 0.01 s−1 until the crack
reached to the end of the sample. This is referred to as the material saving experiment (MS), as
defined by Baumberger and coworkers [7]. All fracture experiments were repeated at least three
times. For all these experiments, special attention was paid to avoid any unwanted visible cracks
and defects in the samples.

2.3 Results and Discussion
2.3.1 Rheology
The SIS gels are thermoreversible in nature and gelation was captured as a function of temperature using shear-rheology. Figure 2.2A displays the storage (G0 ) and loss moduli (G00 ) as a
function of temperature over the range of 12 − 100 ◦ C for a gel with the polymer volume fraction,
φ ≈ 0.181. In the temperature sweep experiments, an oscillatory shear strain, γ = γ0 sin(ωt) was
applied. Here, γ0 is the strain amplitude, and ω is the applied frequency. In our case, ω = 1 rad/s,
strain amplitude, γ0 = 0.01, and cooling rate of 2 ◦ C/min were used. At T > 85 ◦ C, the G00 is higher
than G0 indicating a sol state. A crossover between G0 and G00 is observed at T ≈ 85 ◦ C, which
is referred to as the gelation temperature, Tgel . Below Tgel , G0 is greater than G00 and continues
to increase until it reaches an apparent plateau below 42 ◦ C. Such a plateau indicates that the gel
structure does not undergo a significant change below that temperature. This is important as the
tensile, creep, and fracture experiments were performed at room temperature (≈ 22 ◦ C). A knee
in G0 is observed at about T ≈ 75 ◦ C . This knee is likely due to the result of an order-to-disorder
transition (ODT) [161]. The gelation temperature displays a frequency dependence, as increasing
the frequency to 100 rad/s during the temperature sweep experiment shifts the gelation to a higher
temperature. Because of a limitation in our rheometer, the shifted Tgel could not be determined
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precisely (phase angle became > 90 ◦ for T > 82 ◦ C at ω = 100 rad/s), but from the Figure A.1 in
the Supporting Information, the shifting Tgel to a higher temperature is evident.

Figure 2.2: Temperature and concentration dependence of SIS gels. (A) Evolution of G0 , G00 , and
tan(δ) as a function of temperature for a gel with φ ≈ 0.181. (B) G0 as a function of polymer
volume fraction (φ). The symbols represent the experimental data and the dashed line represents
the power law fit, G0 = Cφn , where C is a constant. The error bars represent one standard
deviation.

Gelation and microstructural development of [ABA] triblock copolymers in midblock selective
solvents have been discussed in the literature extensively [92, 90, 39, 15, 27, 26, 65, 96, 177, 119].
Based on that understanding, we can infer that at high temperatures a viscous solution will be
obtained as both PS- and PI-blocks are soluble in mineral oil. The PS solubility decreases with
decreasing temperature, however, the PI solubility does not change significantly. The Hansen solubility parameter (δ) of mineral oil ≈ 14.1 MPa1/2 is closer to that of PI ≈ 16.6 MPa1/2 (Table 2.1),
which further supports that the mineral oil is a good solvent for the PI [103, 92]. With decreasing
temperature, the PS endblocks collapse, and a majority of those collapsed endblocks associate to
form aggregates. The PI midblocks form bridges between these aggregates. Such self-assembly
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results in a three-dimensional network formation. Figure A.2B in Supporting Information represents a schematic of the possible gel structure. If the midblock is sufficiently long and the polymer
concentration is low, both endblocks can remain in one aggregate, forming a loop [158, 15]. Experimental and simulation studies have captured the bridge versus loop formation in these gels
[165, 21]. For the SIS gel in n-tetradecane, it has been shown through dielectric measurements
that the bridging fraction (BF) is higher than the loop fraction, and the BF increases with polymer
concentration [165]. DPD-mSRP simulations captured increasing BF with increasing midblock
length, and for an entangled system, the BF saturates at ≈ 0.6 [20].
G0 values for different polymer volume fractions have been measured at 22 ◦ C using γ0 = 0.1
and ω=100 rad/s are shown in Figure 2.2B. At this frequency, G0 is independent of frequency.
For all polymer volume fractions investigated here, G0 is an order of magnitude higher than G00
indicating the samples are in a gel state at room temperature (Figure A.3 ). A power law fit
captures the trend, G0 ∼ φ1.24 (Figure 2.2B). Since the exponent of 1.24 is less than the theoretical
prediction of ≈ 2.3 for entangled systems [128, 129, 21], we can consider that the midblocks are
loosely entangled in our gels. The entanglements present in this system are most likely trapped
entanglements. It is unlikely that the chains would disentangle during the mechanical deformation,
as that would involve chain pullout from the aggregates followed by disentanglement through the
relaxation process. Note that the Mn of PI for the present system is greater than the entanglement
molecular weight (Me ) of the melt (Table 2.1). However, in a good solvent, the number of PI
entanglements (ne ) would be lower than that observed in melt. In the PI melt, the number of
entanglements, ne,φ=1 = Mn,P I /Me,P I ≈ 12.4, whereas, for φ = 0.181, the volume fraction
at which most of the experiments were conducted in this study, ne,φ=0.181 ≈ ne,φ=1 φ4/3 = 1.3
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[20, 129]. Such a small number of entanglements further supports the loosely entangled nature
of our gel. As shown below, these entanglements also act as crosslinking points and increase the
modulus of these gels during deformation [128]. Note that power law exponents lower than 2.3
has also been reported in previous studies consist of entangled SIS gels, such as 2.15 (Mw of the
polymer ≈133.3 kg/mol with PS wt% ≈13.5) [158] and 1.77 (Mn of polymer ≈ 260 kg/mol with
PS wt% ≈ 55) [92]. However, gels of poly[styrene-co(ethylene/butylene)-styrene] (SEBS gel from
here after) in mineral oil, Laurer et al. reported an exponent of 2.68 [92].
The evolution of SIS gel microstructure with the change of styrene weight fraction in the gel
(ws ) has been reported in the literature [92]. It has been shown that the spherical micellar morphology at low PS weight fraction (ws ≤ 0.16) evolved into cylindrical and then to a lamellar structure
at high ws [92]. In our system, ws is ≈ 0.058 for φ = 0.181, which is similar to the lowest ws
investigated by Laurer et al. (ws ≈ 0.05) [92]. Therefore, a spherical micellar morphology is
expected. Such morphology has also been observed for other triblocks gels such as acrylic gels
[132, 134, 176], and SEBS gels [119].
To characterize the network structure further, SAXS experiment was performed on a φ = 0.181
gel at room temperature. The intensity profile (I) as a function of the scattering vector (q) is shown
in the Supporting Information (Figure A.2A). The intensity profile resembles that observed for
acrylic gels [132, 176], with a distinct peak at q = 0.02 Å−1 , representing a Bragg peak. The
Gaussian polydispersed-core hard-sphere model (Figure A.2B) is fitted to the experimental data
[105, 132, 176]. Here, the core represents spherical aggregates with radius, r0 . The core-radius
follows a Gaussian distribution, with σ is the standard deviation and the polydispersity is σ/r0 [105,
176]. The fictitious hard-spheres have radius of r0 + s, where s is the hard-sphere thickness. Twice
39

the fictitious hard-sphere thickness (2s) is a measure of the inter-aggregate distance. As shown in
Figure A.2A, this model can capture the scattering data reasonably well and the fitted parameters
are shown in Table 2.2. In addition to r0 , s, and σ/r0 , we have also determined the hard-sphere
volume fraction, ψ. Although, there is an evidence of ODT in rheological experiments, SAXS data
does not manifest any ordered structure, such as BCC (body-centered cubic), as observed in many
[ABA] gels [96, 119]. Such differences can be attributed to the different cooling cycles that the
samples were subjected to during these experiments. This will be further investigated in a future
study.
Large amplitude oscillatory shear (LAOS) experiments were performed at 22 ◦ C and ω =
1 rad/s, where γ0 was varied from 10−4 to a large strain of 1. The G0 values are two order of
magnitude higher than the G00 (Figure A.3), thus, the gel is mostly elastic at room temperature. G0
values do not change significantly over the strain values investigated here.

Table 2.2: Parameters obtained from fitting the polydispersed core hard-sphere model to the
SAXS data.
Core radius, r0
(nm)
8.21

Hard-sphere
thickness, s (nm)
8.82

Polydispersity,
(σ/r0 )
0.09

Volume
fraction,(ψ)
0.42

The corresponding third order Chebyshev coefficients (e3 ), which capture the non-linearity of
a sample, are also very small [44, 65]. Therefore, the gel displays linear-elastic behavior up to the
γ0 of 1 for the applied frequency (or strain-rate). Also, the samples do not undergo failure/fracture
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at the maximum strain range investigated here. At γ0 ≥ 1, the instrument’s maximum torque limit
was reached and γ0 was not increased further.
Strain stiffening behavior has been reported for some physically assembled [ABA] gels in
midblock selective solvents, for example, acrylic gels in 2-ethyl-1-hexanol and n-butanol. The
responses have similarities to that observed in biopolymer gels, e.g., actin, collagen, and alginate
gels [41, 42, 65, 66, 176]. The strain-stiffening behavior of the [ABA] gels has been explained in
terms of finite chain extensibility of the midblock. With applied strain, the midblock approaches
its maximum extensibility before the endblocks pull out of the aggregates. This results in strainstiffening behavior. However, no negative normal stress, commonly observed in many strainstiffening biological gels, has been observed for these self-assembled [ABA] gels [145, 66]. We
have not observed strain-stiffening of the SIS gels over the strain range investigated here, though
it may be possible that the strain-stiffening takes place at a higher strain. Due to the long midblock
length, the applied strain needs to be very high to reach the maximum extensibility of the PI chains,
which cannot be achieved in a shear-rheometer. Alternatively, non-linear rheological responses can
be accessed at low strain but at very high strain rates [65], however, this has not been attempted in
this study.
To investigate the relaxation behavior of these gels, frequency sweep experiments were performed for ω = 1 − 100 rad/s using γ0 = 0.1 over the temperature range of 12 − 82 ◦ C. G0 , G00 , and
tan(δ) are plotted as a function of ω in Figure 2.3. As shown in Figure 2.3A, at ω = 100 rad/s, G0
values are similar for all temperatures. However, at low frequency, G0 decreases with increasing
temperature. For T < 42 ◦ C, G0 displays a weak frequency dependence. That behavior can be at-
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Figure 2.3: Frequency sweep results for a gel with φ ≈ 0.181. (A) G0 , G00 , and tan(δ) are plotted
as a function of ω for different temperatures. (B) Time-temperature superposition (TTS) of the
frequency sweep data. The dashed line captures the maximum in the tan(δ). Error bars represent
one standard deviation. The inset graph shows the shift factor (aT ) as a function of temperature.
Dotted line indicates the Arrhenius model fit.

tributed to the polymer-solvent interaction, as away from the Tgel , the structure formation through
phase separation is complete.
We performed time-temperature superposition (TTS) on the frequency-sweep data collected
at multiple temperatures and the results are shown in Figure 2.3B. Here, G0 , G00 , and tan(δ) are
plotted against the shifted frequency (aT ω). We conducted a horizontal shifting along the ω-axis
using a shift factor, aT , considering 22 ◦ C as the reference temperature (Tref ). aT has been fitted
with the Arrhenius equation, ln(aT ) = (Ea /R)(1/Tref − 1/T ) (Figure 2.3B inset), where Ea
is the activation energy, and R is the gas constant. The fitting estimates the activation energy,
Ea ≈ 200 kJ/mol. Note that this value is lower than that observed for acrylic gels (≈ 550 kJ/mol)
[132], but similar to that observed for SIS (≈ 210 kJ/mol) and SEPS (≈ 220 kJ/mol) gels in
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squalane [158], Such a low value of activation energy supports the weaker temperature dependence
of moduli.
A clear crossover between G0 and G00 was not observed, i.e., the gel does not show a terminal
relaxation behavior, as observed for some SEPS and SIS gels, particularly for low polymer concentration and low polymer molecular weight [158, 119]. But our results are similar to SEPS gels
with high polymer molecular weight [119]. The apparent plateau in G0 at low frequency can be
attributed to the formation of three-dimensional ordered structured (such as BCC) or ”highly congested disordered micellar structure”, as proposed by Lodge and coworkers [119]. However, the
latter appears to be relevant for our system, as the scattering data do not provide clear evidence of
an ordered structure. Since there is no crossover frequency, we consider the apparent maximum in
tan(δ) at aT ω ≈ 10−5 rad/s to estimate the relaxation time. Correspondingly, the relaxation time
is, τF S = 1/aT ω ≈ 105 s = 27.8 h. An Arrhenius law fit of aT (Figure 2.3B inset) also indicates
the single dominant relaxation mechanism in this system [71].
As the maximum in the tan(δ) has not been determined unambiguously, which is used in
determining the relaxation time, the relaxation behavior is further investigated through stress relaxation experiments performed at T = 22, 52, 62, and 72 ◦ C, respectively. A shear strain of
γ0 = 0.01 was applied and the sample was allowed to relax for 30 minutes. Results are shown
in Figure 2.4, in which time-dependent shear moduli G(t) are plotted as a function of time for
different temperatures. Solid lines represent the fitted stretched exponential function represented
as [37, 43, 40, 177]:

G(t) = G0 exp(−(t/τSR )β )
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(2.1)

Figure 2.4: Stress relaxation behavior at 22, 52, 62, and 72 ◦ C, respectively. The solid markers
represent the experimental data, whereas the lines represent fitting of the stretched exponential
function (Eq. 2.1).

where τSR is the relaxation time, and β captures the distribution in relaxation time. G0 is
the zero strain shear modulus obtained from the temperature sweep experiment performed at
ω=100 rad/s and γ0 = 0.01 (Figure A.1). Eq. 2.1 can fit the results for temperature ≤ 62 ◦ C,
however, a poor fitting is observed for 72 ◦ C, which is near Tgel . Table 2.3 summarizes the fitted
parameters obtained for different temperatures.
An estimated relaxation time of τSR = 54118 s ≈ 15 h is obtained at 22 ◦ C and the relaxation
time decreases with increasing temperature. The β = 1 indicates a single relaxation time, and
the material follows the Maxwell model [177]. Whereas, β < 1 indicates a distribution in the
relaxation time attributed to the variation in the network structure. We obtain β in the range of 0.11
to 0.24. Also, β is not constant over the temperature range investigated here, as reported for acrylic
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gel [40]. However, we reported a non-constant β for acrylic gels with and without graphene [177].
Also, β in our case is smaller than that has been reported for acrylic gels [40, 39, 177], but similar
to that observed by Hotta et al. for an SIS triblock copolymer, which was not a gel though [71].
τF S and τSR are of the same order of magnitude. Therefore, we can consider that the relaxation
time of our system as τSR , which has been determined without any ambiguity.

Table 2.3: Fitted parameters and constants used to fit the Eq. 2.1 with the stress relaxation
responses.
Temperature ( ◦ C)
22
52
62
72

G0 (kPa)
14.36
14.95
14.37
12.34

τSR (s)
54118 ± 4750
11.4± 0.074
1.98± 0.023
0.52 ± 0.006

β
0.11 ± 0.001
0.22 ± 0.0005
0.24 ± 0.001
0.24 ± 0.001

The relaxation process in our gel is associated with the endblock pullout from the aggregates followed by the relaxation of entangled midblocks [158, 119]. We can also estimate the
Rouse relaxation time for the PS chains (τRouse,P S ) to evaluate whether the relaxation process in
our gel is being dominated by the relaxation of PS chains in the aggregates. Now, τRouse,P S =
ζb2P S NP2 S /6π 2 kB T [128, 119]. Here, ζ is the monomeric friction force, bP S is the PS Kuhn length,
NP S is the number of Kuhn segments in a PS endblock (≈ 23), and kB is the Boltzmann constant.
The lowest temperature at which the ζ value reported is 100 ◦ C, the glass transition temperature of
PS [22, 119]. Considering the reported value of ζ ≈ 1.2 × 10−3 Ns/m at that temperature [22, 119],
we estimate τRouse,P S ≈ 8.54 s, which is approximately four order of magnitude higher than τSR
and τF S at 22 ◦ C. No information regarding the solvation state of the PS aggregates in our gel is
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available, however, DSC data for acrylic gels captures a significant reduction of the glass transition temperature of the PMMA aggregates in comparison to that of the homopolymers [176]. Also,
for diblock poly(styrene)-poly(isoprene) polymers in tetradecane at low styrene concentration, the
glass transition temperature of the styrene approaches 40 ◦ C. For our analysis, we consider that
the PS aggregates with some level of solvation are near their glass transition temperature. Both
ζ and τRouse,P S can be different than that considered here, but they are not expected to deviate
significantly from the case considered here.
We can also determine the τRouse of the PI chains as τRouse,P I ≈ ηs b3P I NP2 I,e /kB T [128].
where, bP I is the PI Kuhn length, ηs is the solvent viscosity, and NP I,e is the number of PI Kuhn
segments (≈ 662). We estimated τRouse,P I ≈ 4.53 × 10−4 s, which is significantly lower than the
measured relaxation time. Since fractional entanglement per chain, i.e., ne = 1.3 estimated earlier
is difficult to apprehend physically, we have approximated ne = 2. Considering that we obtain,
τRouse,P I ≈ 5.03 × 10−5 s. Thus, the relaxation observed in the gel is not an internal relaxation
of PS within the aggregates or PI chain relaxation but a time scale related to the endblock pullout,
τpullout . Chain pullout kinetics for the dilute micellar solutions of diblock and triblock copolymers
have been investigated using time-resolved small angle neutron scattering (TR-SANS), and the
corresponding relaxation time has been related to that obtained from shear-rheology [27, 26, 119].
Various other relaxation modes, including, ”corona screening” [102], ”double activation” [174,
175], and ”walking diffusion” [174, 175] processes, have also been considered.
The relaxation time for chain pullout (τpullout ), which is ∼ τF S or τSR , can be given as
τpullout ≈ τRouse eαχNP S [119]. Here, χ is Flory-Huggin’s parameter, and prefactor, α, is a fitted parameter obtained from TR-SANS experiments [27, 26, 119]. αχNP S represents an energy
46

barrier associated with enthalpic unfavorable PS-mineral oil interactions (the solubility of PS endblocks in mineral oil is low at low temperature) [119]. Using the above relationship of τpullout , and
assuming that τpullout /τRouse,P S ≈ 6.3 × 103 , we can estimate αχ ≈ 0.38, since α and χ values are
not available for our case. With increasing temperature, PS solubility increases in the mineral oil.
The endblock pullouts become easier and the crosslinks (aggregates) can become weaker, resulting
in shorter relaxation times (see Table 2.3). Thus, polymer chain length, and solvent quality (therefore, temperature) dictate the relaxation time in these gels. In addition, loops will also attribute to
the relaxation behavior. However, based on the computation studies the bridge fraction is expected
to be higher than the loop fraction [21], and in this study we have not made an attempt to measure
that experimentally.

2.3.2

Failure in Tensile Mode: Effect of Strain Rate

Nominal stress (σ0 ) versus stretch ratio (λ), obtained from the tensile tests conducted using
a custom-built setup, as shown in Figure 2.5A. Three different λ̇s, spanning over three orders of
magnitude have been considered. σ0 is calculated by taking an average of eight runs, and the results
are shown for the minimum failure stretch ratio out of these runs. Sample images during a typical
tensile test for different values of λ and for λ̇ = 0.455 s−1 are shown in Figure 2.1B. Relatively
high stretch ration, λ = 3.75, emphasizes the high stretchability of this sample before failure.
At small λ, the results for three different λ̇ overlap, indicating that at low strain the modulus is
independent of strain-rate. However, at higher λ, the responses diverge and the modulus increases
with increasing λ̇. The observed increase in modulus can be attributed to the presence of entanglements in the system. These entanglements act as crosslinks and restrict the local movement of
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Figure 2.5: Tensile test results at different λ̇. (A) Nominal stress (σ0 ) versus stretch ratio (λ) for
λ̇ = 0.0048, 0.048, and 0.455 s−1 . The symbols represent the experimental data, whereas the
lines are model fit with Eq. 2.2. (B) Failure stress (σf ) and failure stretch ratio (λf ) for three λ̇.
Error bars represent one standard deviation.

the midblock chains during the stretch [21]. Thus, entanglements increase the modulus and show
a rate dependence behavior. For the entangled systems, a Slip Tube model estimates the nominal
elongation stress as [153, 128, 21, 112]:


σ0 = Gc +

Ge
0.74λ + 0.16λ−1/2 − 0.35



1
λ− 2
λ

(2.2)

Here, Gc is the modulus due to crosslinks, and Ge is the entanglement contribution to the
elastic modulus. Fitting both Gc and Ge to the experimental data can potentially overpredict Gc
[21]. Therefore, we fix Gc to be equal to G0 =11.659 kPa. This is obtained from the TTS of
frequency sweep experiments and corresponds to the G0 value at ω = 10−3 rad/s (Figure 2.3B), the
lowest frequency at which the plateau in G0 is observed. A plateau in frequency sweep indicates the
response from the polymer network [125, 119], and we can assume that at this frequency the effect
of entanglement is not significant. The fitting provides Ge = 0.082, 2.8, and 8.8 kPa for λ̇= 0.0048,
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0.048, 0.45 s−1 , respectively. Thus, the effect of entanglement on our samples is evident from the
tensile tests. In absence of entanglement, σ0 is not expected to show λ̇ dependence. This strain
rate dependence captures the increase in entanglement contribution with increasing strain-rate.
Figure 2.5B displays nominal fracture stress (σf ) and fracture strain (λf ) for three different
strain-rates. Both of these increase with increasing λ̇. Previously, SEBS gels have been investigated
using tensile tests and our results are similar to that study, particularly, the increase of modulus, σf ,
and λf with increasing λ̇ [112, 14]. Failure of these gels takes place through the endblock pullout
from the aggregates. At higher λ̇, the PI chains are stretched rapidly, and it is likely that the load is
not transferred for chain pullout to take place. As a result, the PI chains can be stretched to a large
ratio. Also, higher λf leads to a higher σf . In the above formulation (Eq. 2.2), the effect of viscous
dissipation has not been considered, as reported from compression testing of SIS gels [80]. In our
sample, the G0 is two orders of magnitude higher than the G00 and the viscous effect is likely to be
insignificant.

2.3.3

Creep Experiments: Failure under Constant Stress

The results of the creep tests are shown in Figure 2.6. We have considered five constant nominal
stress values of 15, 17.5, 20, 22.5, and 25 kPa, respectively. These nominal stress values (σ0 ) were
1.28, 1.50, 1.71, 1.93, and 2.14 times the G0 value of 11.659 kPa, respectively. For each σ0 , twenty
runs were conducted. Failure of the gel was not instantaneous and it takes some finite time before
failure took place. Such behavior in gels has been discussed as a delayed fracture in literature
[13, 136, 16, 157, 162, 81]. The failure times were not constant and a distribution in failure time
was observed. Figure 2.6A shows fraction of failure events plotted as a function of failure time
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Figure 2.6: (A) The distribution of failure event for σ0 =25 kPa. (B) Mean failure time(tm ) versus
applied nominal stress (σ0 ). The error bars represent one standard deviation. The line shows the
model fit(Eq. 2.3). The inset represents the fitting of ln(tm ) with σ −4 based on the Pomeau theory
[13].

for σ0 = 25 kPa. The Figure 2.6A clearly captures the stochastic nature of the failure. Figure 2.6B
shows the arithmetic mean of the failure time (tbreak ) plotted against σ0 .
Previously, delayed fracture in soft and heterogeneous materials has been explained in terms
of crack nucleation theory [13, 58, 136, 82]. The waiting time (or delay time) has been attributed
to the time required for a micro-crack to achieve the necessary energy to propagate [109]. Considering Pomeau theory of crack nucleation, ln(tbreak ) is proportional to σ0−4 [120, 13, 58]. However,
this scaling relationship cannot capture our experimental data, as shown in inset Figure 2.6B.
Hence, the fracture in creep mode is not due to crack nucleation. The data indicates that the relationship between tbreak and σ0 is exponential. Therefore, we investigated the activated bond rupture
theory (kinetic theory) to explain the creep failure behavior [109].
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In order for chain pullout from the aggregate to lead to creep failure, the energy stored in
the chain has to overcome the activation barrier, Uact . In absence of any load, the chain may
acquire sufficient energy to overcome Uact due to thermal fluctuations. However, application of
a load stretching the chain reduces the net energy required to overcome the activation barrier by
Uact − σ0 V , where σ0 is the applied stress and V is activation volume. If no load is applied, the
endblock can attach to another aggregate (reassociation). If the chain-pullout and reassociation are
in equilibrium, no fracture takes place. However, with the application of a load, the pullout events
will be higher than the reassociation events. For this thermally activated process, the failure time
can be expressed as [23, 109, 157, 81]:


tbreak = t0 exp

Uact − σ0 V
kB T


(2.3)

where, t0 is the characteristic time related to the motion of PS chains. As indicated above, the
numerator in exponent represents the net energy associated with chain pullout. The denominator
represents the thermal energy corresponding to temperature T . As presented in Figure 2.6B, the
Eq. 2.3 fits the experimental data reasonably well. From fitting we obtain, V ≈ 1142 nm3 , which
is about half of the volume occupied by an aggregate, 34 πr03 ≈ 2318 nm3 . Interestingly, this is
equivalent to the Eyring’s theory, which predicts that the activation volume is half of the average
volume occupied by a molecule [157]. Therefore, the aggregates are thermally activated during
the process [157].
The extrapolation of the fitted line in Figure 2.6B to the zero stress gives (tbreak )σ0 =0 ≈
19149 s= 5.3 h, which can be understood as the strongest bond lifetime. This can be compared to
the relaxation time estimated from the frequency sweep experiments τF S = 27.8 h and the stress re51

laxation experiments τSR = 15.03 h. All these values are not significantly different. However, it is
important to note that for many systems, at low applied stress, the time to failure (tbreak ) increases
significantly [81].

2.3.4

Fracture of Gels from a Pre-Defined Crack

Figure 2.7A represents the force (F ) versus λ obtained from a typical material saving (MS)
experiment. During initial stretching the crack length remained unchanged. This is evident from
the Figure 2.7A inset, in which the crack length (a) did not change for λ ≤ 1.21. During this
process, the sample stored potential energy (ignoring any dissipation). This region can also be
used to estimate modulus of the gel. Applying the neo-Hookean model at low strain, nominal
stress, σ0 can be related to λ as σ0 = (E/3)(λ − 1/λ2 ), where E is the tensile modulus (E ≈ 3G0
for an incompressible material) [153]. As shown in Figure A.4, the fitting provides G0 = 10.9 kPa
(≈ E/3), similar to that observed in rheological experiments.
When the energy stored in the system becomes higher than the fracture energy of the gel, the
crack length starts to increase. Since the sample is stretched continuously, the crack tip velocity
increases with crack propagation. This can be inferred from an increasing slope of the a versus λ
curve for 1.21 ≤ λ ≤ 1.51 (Figure 2.7A inset). At a certain point (λ ≈ 1.51), the net energy stored
in the system becomes sufficient for the crack to propagate unstably resulting in decrease in a
recorded force. As shown in Figure 2.7A, consequently, a maximum in force response is observed
at λ = 1.51.
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Figure 2.7: Results from fracture test experiments. (A) Force (F ) versus stretch ratio (λ) for a
typical material saving (MS) experiment. Inset represents the crack length (a) as a function of
λ.(B) The open symbols represent the energy release rate (Γ) versus crack tip velocity (v)
obtained from the various MS experiments. The solid line represents the best fitting with Eq. 2.5.
Closed symbols represent results from QS experiments.

From these results, energy release rate (Γ) can be estimated from the F versus λ results as
[7, 134]:
hf 0
Γi =
tf 0 lf 0

Z

ai+1

Fi dλ

(2.4)

ai

where, Fi is the force applied to increase the crack length from ai to ai+1 , while stretching the
sample by dλ. For 1.21 ≤ λ ≤ 1.51, a second order polynomial is fitted to the a versus time curve
(Figure A.5). The crack tip velocity (v) at a particular λ has been estimated by differentiating the
fitted polynomial (Figure A.5). Figure 2.7B displays the Γ versus v, where a linear increase in Γ
with increasing v has been observed.
As described in the experimental section, a limited number of experiments were conducted,
where a constant v was achieved (QS experiments). The constant velocity obtained in QS experiment is indicated in Figure A.6. The Γ values from those experiments are also shown in
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Figure 2.7B. The corresponding F versus λ data are shown in Figure A.7. Both MS and QS
experiments, provided similar results, supporting the validity of the MS experiments.
The Γ versus v data is fitted with the following empirical model [138, 89]:

 v n 
Γ = Γ0 1 + ∗
v

(2.5)

Here, Γ0 is the threshold energy release rate or critical energy release rate, v ∗ is the characteristic crack tip velocity, and n is an adjustable parameter that determines the shape of the curve. This
equation has been traditionally used in contact mechanics to capture the crack propagation in pressure sensitive adhesives (PSAs) and takes into account the viscoelastic response of the adhesive
[138, 89]. Higher crack tip velocity leads to higher energy release rate because of the viscoelastic
effect. In PSAs, the crack propagation takes place through the breaking of physical bonds, very
similar to our case where cracks propagate by chain pullout (analogous to physical bond breaking). The increase of Γ with crack tip velocity in our gel can be attributed to the viscoelasticity, as
described below [124].
Fitting Eq. 2.5 to the experimental data provides, Γ0 ≈ 51.25 J/m2 , and 1/v ∗ ≈ 132.68 ±
2.33 (mm/s)−1 estimates v ∗ ≈ 3.86 × 10−4 m/s, and n = 1 [138]. Γ0 obtained for our sample
is comparable to ≈10-20 J/m2 obtained for a physically assembled acrylic gels. For these gels, it
has been shown that Γ0 depends on the endblock and midblock molecular weight, and the polymer
concentration [134]. For other physical gels, such as gelatin and alginate gels, Γ0 was in the range
of 1-5 J/m2 . For chemically crosslinked gels, such as polyacrylamide gels, Γ0 can be of the order
of 10 J/m2 [148]. Γ0 can be as high as ≈ 103 − 104 J/m2 , for strong, double network hydrogels
[56, 147, 81].
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The exponent, n = 1 obtained here from fitting Eq. 2.5 warrants further discussion. This is
different than n = 0.4 reported for acrylic gels [134]. Also, for PSAs, typically n = 0.6 is reported
[138]. For gels, the variation in Γ with respect to the crack velocity can be explained in terms
of the viscous contribution, which arises from the motion of PI chains relative to the solvent. It
has been shown that for gelatin gels, such arguments lead to a linear velocity dependence, i.e.,
Γ = Γ0 + Aηs v, where A is a constant [7]. Similar linear dependence has been observed for
polyacrylamide gels in the fast crack-tip velocity region [148]. However for alginate gels, the linear
dependence changes slightly if the zipping and unzipping events of ionic bonds are considered [10].
Although the functional form used here is different, the similar linear dependency is most likely
due to the effect of viscous drag on the PI chain movement.
The Γ0 obtained here from fitting can be investigated further. Several attempts have been
made in literature to estimate Γ0 from classical LT theory, which was developed for chemically
crosslinked rubber networks (without solvent) [91]. According to this theory, Γ0 ∼N U Σchain .
Here, N is the degree of polymerization of the chains connecting two crosslinks, U is the bond
energy (often C-C bond energy), and Σchain is the areal chain density. This theory indicates that
before fracture the chain is fully stretched and the maximum energy that can be stored during that
process is ∼N U . In chemically crosslinked samples, fracture takes place through bond breaking,
and breaking of one bond results in the release of the energy stored in the chain. For physical
gels considered here, fracture is not through bond-breaking but through chain pullout. Here, the
energy stored per chain needs to be higher than the energy necessary for endblock pullout from an
aggregate.
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Figure 2.8: A proposed mechanism for the chain pullout from the PS aggregates. (A) At
equilibrium state, the end-to-end distance of a PI strand in between the aggregate an the
entanglement is Re . (B) The PI strand is stretched to its maximum contour length. The energy
required to pullout from the chain consists of Etotal = ∆Fentropy + Ef + Eenthalpy . (C) Pullout of
the endblock from the aggregate leading to the release of stored energy.
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Since our midblock is entangled, it is expected that the strand between the entanglement
will be fully stretched. We can estimate the mean-square end-to-end distance of that strand as
< Re2 >

≈ NP I,e b2P I [128]. Considering ne ∼ 2, we estimate < Re >≈ 12.49 nm and the

fully-stretched length of the strand between the entanglement point is ≈ 185.6 nm. Therefore, the
maximum stretch ratio will be λmax ≈ 14.9. Note that, in tensile testing we have not been able to
achieve such high λ because of sample failure. In fracture experiments, as shown in Figure 2.1D,
the crack front is highly stretched, but we have not attempted to estimate chain stretching. Without considering any enthalpic contribution, the free energy necessary to stretch the strand to the
maximum extensibility is ∆Fentropy = kB T (λ2 + 2/λ − 3) /2 = 4.4 × 10−19 J ≈ 109kB T [128].
We can then estimate the theoretical energy release rate, Γ0,theo ∼ ∆Fentropy Σchain . Now,
Σchain = 1/(2s)2 ≈ 3.21 × 1015 /m2 and correspondingly, Γ0,theo ≈ 1.43 × 10−3 J/m2 , which is
four orders of magnitude lower than the Γ0 obtained by fitting Eq. 2.5 to our data. Note that instead
of stretching of a strand between the entanglement, if stretching of the whole chain is considered
(no entanglement), using a similar framework, we obtain Γ0,theo ≈ 4.3 × 10−3 J/m2 . The estimated value is still lower than that obtained experimentally. Therefore, the enthalpic contribution
particularly that is associated with endblock-solvent interaction, and the friction the PS chains are
subjected to with other PS blocks during pullout cannot be ignored.
Considering, the force (f ) required to pull a chain out of the aggregate is f ∼ µmono NP S , where
µmono is the static monomeric friction coefficient per monomer [164]. From scaling arguments, the
energy necessary for chain pullout is Ef ∼f Rmax,P S , where Rmax,P S is the full chain length of PS
≈ 41.4 nm. µmono for polystyrene chains near glass transition temperature is not readily available in
literature, but it can be estimated using the monomeric friction coefficient of polystyrene, ζ ≈ 1.2×
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10−3 Ns/m, as discussed earlier [22, 156, 119]. From the monomeric friction coefficient and the
characteristic crack tip velocity (v ∗ ), we can approximate µmono ∼ ζv ∗ = 4.64×10−7 N/monomer,
and the corresponding f is 1.1 × 10−5 N, which is much higher than the C-C bond scission force
∼ 2.2 × 10−9 N, and therefore not realistic for physical gels [164].
Previously, an attempt has been made to estimate the force (f ) necessary to pullout a chain from
collapsed polystyrene micelles of diblock (SI) and triblock (ISI) polymers in n-hexane, a solvent
for the PI-block [69]. f has been determined to be in the range of 10−14 − 10−13 N, which depends
on the block length, entanglements, and solvent quality. Since n-hexane (δ ≈ 14.9 MPa1/2 ) is
a relatively good solvent compared to mineral oil (δ ≈ 14.1 MPa1/2 ) for PS, and the polymer
concentration, particularly that of PI, is significantly higher in the present system, we expect a
higher f . Considering, f of the order of 10−9 N, near the C-C bond energy, we estimate Ef equals
to 4.14 × 10−17 J. This is the upper limit f and a reasonable approximation, as the PS aggregates
are in the glassy state.
Since the endblock needs to overcome the unfavorable solvent interaction, the corresponding
energy is Eenthalpy ∼ αχNP S kB T ≈ 3.57 × 10−20 J. Therefore, the total energy necessary to pull
a chain out of an aggregate is Etotal = ∆Fentropy + Ef + Eenthalpy ≈ 4.19 × 10−17 J (∆Fentropy =
4.43 × 10−19 J, Ef = 4.14 × 10−17 J, Eenthalpy = 3.57 × 10−20 J). A schematic of the chain pullout
is represented in the Figure 2.8. Using the Σchain estimated earlier, we obtain Γ0 ≈ 0.135 J/m2 ,
which is lower than that estimated by fitting Eq. 2.5. Such a difference in comparison to the
experimental data may result from endblock reassociation with another aggregate. Also, near the
crack front solvent may diffuse from the highly stressed region to the bulk leading to increasing
polymer concentration at the crack front. Both of these phenomena will likely cause a toughening
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effect in the gel, similar to that discussed for alginate gels [10]. Also, from our analysis, it appears
like frictional force experienced by the endblocks dictates the critical energy release rate. This
will be further analyzed in the future, where the PS length will be maintained constant, but the
midblock length and the polymer volume will be varied.
Further, the sum of Ef (≈ 1.02 × 104 kB T ) and Eenthalpy (≈ 8.76 kB T ) estimated here can
be used as a measure of Uact in the Eq. 2.3, as we could not determine the Uact from the creep
data. Substituting Ef + Eenthalpy ∼ Uact in Eq. 2.3 suggests the bond failure time (tbreak ) at zero
stress to be very high for any finite t0 value. As indicated earlier, very high failure time at zero
stress signifies that the thermal fluctuations may not be enough for sample failure. Although this
has been predicted through a simulation study for a telechelic system [109], further experimental
investigation is needed.

2.4

Conclusions
SIS gel in mineral oil with polymer volume fraction, φ ≈ 0.181, exhibits micellar microstruc-

ture, in which the PS endblocks form aggregates. The aggregates are bridged by the PI midblocks
forming a three-dimensional network. The midblocks are entangled because of the long midblock
length, however, the shear-rheology data indicates that the entanglements are weak. Interestingly,
these loosely entangled gels display rate-dependent tensile moduli and fracture strain. Relaxation
processes in this gel depend on the endblock pullout of the aggregates. The gel relaxation time
has been determined by stress-relaxation and frequency sweep experiments, and both of these experiments provide not a significant different results. The high relaxation time (≈ 5.4 × 104 s), in
comparison to the Rouse relaxation time of PS in the aggregates (8.53 s), has been attributed to
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the enthalpically unfavorable endblocks pullout in the solvent. Creep failure processes have been
determined to be thermally activated, and the activation volume has been estimated to be one half
of the crosslink size. This gel also exhibits significant toughness as the energy release rate was as
high as 200 J/m2 over the experimental conditions considered here. The energy release rate scales
linearly with the crack-tip velocity. The critical energy release rate for this gel has been determined
to be 51.25 J/m2 . The experimentally determined value is compared with the value obtained theoretically by considering the frictional force necessary for chain pullout from the aggregates and
enthalpic cost associated with endblock and solvent interaction. In summary, we characterize the
failure behavior of a SIS gel in various modes of deformation. The fundamental understanding of
the underlying mechanisms involved in the chain pullout has been presented. We have attempted
to link the theoretically estimated and experimentally observed energy release rate. The results
presented here are important for determining the application window for these thermoreversible,
self-assembled block copolymer gels.
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CHAPTER 3
MECHANICAL PROPERTIES AND FAILURE BEHAVIOR OF PHYSICALLY ASSEMBLED
TRIBLOCK COPOLYMER GELS WITH VARYING MIDBLOCK LENGTH

3.1

Introduction
Physically assembled gels or physical gels obtained by dissolving thermoplastic elastomers

in selective solvents -often high-boiling point organic liquids - have potential applications in soft
robotics [154], microfluidic-devices [146], ballistic gels [112], and tissue engineering [122]. As
the chosen organic liquids have low vapor pressure, these gels are more stable during applications
in comparison to the conventional hydrogels. These physically assembled gels behave like soft,
stretchable solid at room temperature and based on the structure and structural variation can display
significantly different modulus, toughness, and failure behavior [93, 92, 158, 132, 134, 41, 43, 42,
40, 112, 119, 177, 176]. Although low-strain mechanical-properties of physical gels are widely
studied, the failure behavior of these gels is not well-understood, particularly, if the bridging blocks
or the load-bearing chains are entangled. Gaining such knowledge is important to synthesize gels
for specific applications. Towards that goal, here, we consider a gel system consisting of ABA
triblock copolymer in a midblock selective solvent. Particularly, we are interested in determining
the effect of midblock length on the mechanical responses. Although the presence of entanglement
in these systems can improve the gel mechanical properties, increasing molecular weight of the
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polymer chains can lead to difficulty in processing of solution phase because of higher viscosity.
In real applications, a balance of these two factors needs to be taken into account.
The gelation behavior and structure of physical gels that consist of ABA triblock copolymer
dissolved in a B-selective solvent have been widely studied in the literature [93, 92, 158, 132,
134, 41, 43, 42, 40, 112, 177, 176, 88, 106]. Here, in the selected solvents, the A- and B-blocks
have different relative solubility as a function of temperature. At higher temperature, both blocks
are soluble, however, as the temperature is reduced, the solvent quality becomes poor for the
endblocks (A-block). As a result, a few of the A-blocks collapse to form aggregates, while the
midblock (B-block) remains soluble in the solvent. At low polymer concentration, non-connected
flower-like micelles can be obtained. Here, both endblocks of a polymer chain remain in the same
aggregate [158, 132]. However, at a relatively high polymer concentration, the inter-aggregate
distance becomes less and the midblocks can bridge those aggregates (acting as crosslinkers),
leading to the formation of a three-dimensional network or gel [93, 92, 158, 132, 134, 41, 43, 42,
40, 177, 176, 112, 119]. These gels are often thermoreversible in nature, as the A-block solubility
increases with temperature, resulting in a viscous solution. The subsequent cooling again leads
to gel formation. This thermoreversibility allows one to erase the deformation history and to heal
these gels if applications desire so.
The mechanical properties of these gels have been widely explored and explained on the basis
of their structure [93, 92, 158, 132, 134, 26, 177, 176, 41, 43, 42, 40, 119]. Particularly, the
change of mechanical properties linking to the size of aggregates (crosslinks) [132], aggregate
shape [92], block length or molecular weight [134], solvent quality [176], temperature [132, 177,
176], polymer volume fraction [134], and inclusion of nanoparticles [177] has been studied. Gels
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with physical crosslinks often display creep or delayed failure. Although such has not been widely
reported for ABA triblock gels but has been investigated for other physical gels, viz., gelatin [68],
agarose [13], telechelic polypeptides [143], protein gels [95], and polyampholytes [81].
Due to their low modulus and large non-linear deformation at low-strain, conventional mechanical testing methods often fail to capture the true mechanical responses of gels. Thus, new
experimental techniques have been developed and/or conventional techniques have been modified
[112, 7, 10]. Mrozek et al. developed a tensile-testing set-up and performed tests on the gels
with different concentrations of poly(styrene)-poly(ethylene-co-butylene)-poly(styrene) [SEBS]
triblock copolymer dissolved in white mineral oil [112]. They captured stretch-rate dependent
moduli, especially at higher strain, and increased gel extensibility for the higher polymer volume fraction. Similarly, we have demonstrated stretch-rate dependent mechanical responses of
a poly(styrene)-poly(isoprene)-poly(styrene) [PS-PI-PI] gel and have attributed such behavior to
the midblock entanglement in the gel [106]. Some of those results have been incorporated in
this manuscript to obtain a complete picture with regard to the effect of midblock length. In this
manuscript, that gel has been denoted as ML-gel, as described below. The effect of stretch-rate
on the gel moduli has also been described through a simulation study [21]. It is shown that the
degree of midblock entanglement increases with midblock length [20]. The presence of midblock
entanglement has shown to increase the force (therefore, stress) required to stretch a gel and such
an increase become more pronounced at higher stretch-rate [21, 20].
Fracture experiments on acrylic gels have been performed using a custom-built instrument
in pure shear mode [134]. These acrylic gels are physically assembled gels that consist of poly
(methyl methacrylate)-poly (n-butyl acrylate)-poly (methyl methacrylate) [PMMA-PnBA-PMMA]
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in 2-ethyl-1-hexanol or in 1-butanol [134, 41, 177, 176]. It was shown that the energy release rate
(Γ), i.e., the energy required to create a unit surface area, increases with an increase in the polymer
volume fraction. This behavior was attributed to the increased number of load-bearing chains
at higher polymer concentration [7, 132, 134]. Further, the gels with increased midblock length
(PnBA) demonstrate a higher Γ than the gels with shorter midblocks [134]. For these gels, Γ scales
with the crack-tip velocity as v 0.4 , independent of the polymer concentration or midblock length.
In contrast, we noted a linear relationship between Γ and v for the PS-PI-PS gel with slightly
entangled midblocks [106], however, the effect of PI-block length has not been investigated.
Thus, we do not have a clear understanding of the mechanical properties of physical gels as a
function of midblock length, particularly if the midblocks become entangled. Here, we consider
three PS-PI-PS gels in mineral oil. Three polymers with different molecular weight have been selected. In these polymers, molecular weight of the PS-blocks are not significantly different, while
the PI-block molecular weight has been varied. We have captured the evidence of midblock entanglement for the gels with large midblock molecular weight. For this study, we have maintained the
same polymer weight fraction, and all three gels display similar moduli at room temperature. The
microstructure of gels was explored using small angle x-ray scattering (SAXS). Tensile tests and
fracture experiments elucidate the effect of entanglement.

3.2

Experiments
We considered three gels composed of three different polymers, D1162, D1164 and D1114

(kindly provided by Kraton Inc.), dissolved in Klearol mineral oil (kindly provided by Sonneborn
Inc.). These polymers are synthesized by anionic polymerization, as described in the product liter64

ature by Kraton. Such polymerization technique resulted in a relatively lower PDI in the polymers
used for this study (see Table 3.1). Note that higher polydispersity can affect the self-assembly process significantly. The molecular weight of each polymer was determined by using Agilent GPC at
135 ◦ C using 1,2,4-trichlorobenzene as a solvent. These polymers are PS-PI-PS triblock copolymer with different PS- and PI-block molecular weight. The polymer composition, polydispersity
index (PDI), individual block weight fractions, and molecular weight (number average molecular
weight, Mn , and weight average molecular weight,Mw ) are presented in the Table 3.1. The approximate block molecular weight has been determined based on the block weight fraction values
provided by Kraton. D1162 has the smallest, D1164 has medium, and D1114 has the highest PI
molecular weight, which directly corresponds to the PI-block length. Therefore, throughout this
article, respective polymeric gels are denoted as SL- (for D1162), ML- (for D1164), and LL-gels
(for D1114) representing the small, medium and long midblock lengths, respectively. Note that in
all of these polymers, PS endblocks molecular weight varies over a small range [49].

Table 3.1: Details of the respective polymers used to prepare the SL-, ML-, and LL-gel samples
and corresponding gels designation.
Polymer

Gel

D1162
D1164
D1114

SL-gel
ML-gel
LL-gel

PDI∗∗
PS
Mn
Mw
(kg/mol) (kg/mol)
(w/w)
89.91
97.97
1.08
0.44
111.89
124.88
1.11
0.29
134.06
176.43
1.31
0.19
∗∗
polydispersity index

PI
(w/w)
0.56
0.71
0.81

Mn,P S
(kg/mol)
19.78
16.22
12.73

Mn,P I
(kg/mol)
50.34
79.44
108.58

To obtain gel samples, 20%(w/w) polymer was dissolved in mineral oil at an elevated temperature (110-140◦ C) in multiple steps, as discussed in details in an earlier publication [106]. For the
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rheology experiments, the polymer solution was poured in a rectangular mold to obtain a gel sheet.
Small samples were then cut from this sheet for the experiments. A TA Instruments Discovery
HR-2 hybrid rheometer equipped with a Peltier plate was used. Experiments were conducted with
a 25 mm diameter parallel plate geometry. A 240 grit adhesive-backed silicon carbide sandpaper
(Allied High Tech Products Inc.) was attached to the top and bottom plates to avoid the sample
slippage during the rheology experiments.
Small Angle X-ray Scattering (SAXS) experiments were performed at room temperature (22 ◦ C)
with a sample-to-detector distance of 2.5 m using Xeuss 2.0 beamline at the University of Southern
Mississippi. The data was collected by Pilatus 1M detector and later processed using Igor 8 with
Nika package to reduce the 2D image to intensity (I(q)) versus scattering vector (q) plots. Further, NCNR macro was used to fit a polydispersed core hard-sphere model to the experimentally
obtained data [86, 176, 106].
The tensile and creep failure 1experiments were performed at the room temperature using a
custom-built set-up controlled by a NI LabVIEW program. For these experiments, dogbone shaped
samples were prepared by casting the gel in a mold. The gauge region of these samples have height
of 4.2 mm, breadth of 4.2 mm, and thickness of 9.5 mm, similar to that reported in the literature
[112, 106, 168]. The samples were marked with three lines in the gauge region. As shown in
Figure B.1A-B, the samples were supported on the experimental set-up by using two pairs of
pins attached to the supporting blocks. The top supporting block was connected to a moving
stage (PI M414.1PD), which was moved to apply a prescribed stretch. The bottom supporting
block remained stationary. A monochrome camera (Grasshopper3, Point Grey Research Inc.) at
11 frames per second was used to capture images during the experiments. The captured images
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were further processed using a custom-built subroutine in MATLAB to obtain the stretch ratio (λ)
and stretch-rate (λ̇) using the distance between lines marked on the sample [112, 106]. Tensile
experiments were repeated five times for a particular stretch-rate. The creep experiments were
performed by operating the moving stage through a feedback loop to maintain a prescribed nominal
stress (σ0 ) on the sample. For creep experiments, twenty experiments were conducted for a given
stress value. More details about the experimental techniques can be found in our previous work
[106].
Fracture experiments were performed using a custom-built set-up, as shown in Figure B.2A-B
[7, 8, 10, 106]. Gel samples were cast in a mold with width, lF 0 ≈ 80 mm, thickness, tF 0 ≈
3 − 4 mm, and height, hF 0 ≈ 35 mm, respectively. To facilitate the crack propagation, a sharp cut
with a dimension of a0 ≈ 5 mm was introduced at the middle of the sample using a sharp razor.
The samples were stretched continuously with a stretch-rate of 0.01 s−1 until the sample split into
two halves. All fracture experiments were repeated at least three times. The crack length and
the crack-tip velocity were calculated from the captured time-lapsed images, using a custom-built
MATLAB program.

3.3 Result and Discussion
3.3.1 Rheology
Each gel sample consists of 20%(w/w) of polymer, and the corresponding polymer volume
fractions (φ) for these gels are 0.179 for SL-gel, 0.181 for ML-gel, and 0.184 for LL-gel, respectively (refer Table B.1). As observed from the temperature sweep experiment results (Figure 3.1),
at high temperature, loss moduli (G00 ) for all three gels samples are greater than storage moduli
(G0 ) indicating the sol-nature of the sample. Since the G0 and G00 values for these three gels cannot
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be distinguished clearly in this figure, we have provided a modified figure in the Supporting Information (Figure B.3), in which the results for the ML-gel and LL-gel have been moved vertically
upward for clarity. With decreasing temperature, an increase of G00 and G0 indicates an onset of
network formation [177]. With a further decrease in temperature, a crossover between G00 and G0 is
observed, and the corresponding temperature is defined as the gelation temperature (Tgel ). The Tgel
for the SL-gel, ML-gel, and LL-gels are ≈ 101 ◦ C, 85 ◦ C and 72 ◦ C, respectively. At T ≤ 45 ◦ C,
G0 reaches a plateau and becomes at least one order of magnitude higher than G00 indicating the gel
state of the samples. At room temperature, the G0 values for the SL-, ML- and LL-gels are ≈10.2,
12 and 7.5 kPa, respectively. Note that these values are not significantly different.

Figure 3.1: Evolution of moduli (G0 and G0 ) as a function of temperature for the SL-gel (• and ◦),
ML-gel(H and O), and LL-gel (N and M). Polymer concentration is 20%(w/w). Experiments were
performed using oscillation frequency (ω) of 1 rad/s and amplitude (γ0 ) of 0.01. A cooling rate of
2 ◦ C/min with a soak time of 300 s was used. Error bars (smaller than symbols) represent one
standard deviation.
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As described in the introduction section, the gelation in these gels is a result of the difference
in solubility of both blocks in the selected solvent. At higher temperature, both blocks are soluble
in the solvent. The endblock solubility has a stronger temperature dependence than the midblock.
Consequentially, with a decrease in temperature, solvent quality becomes poor for the endblock
while the midblock solubility does not change significantly [176]. As a result of poor solubility
of PS, a few of PS-blocks collapse together to form aggregates while the PI-blocks bridge those
aggregates, forming a 3D network of physically crosslinked gel swollen in the solvent [92, 158,
132, 134, 41, 43, 42, 40, 65, 177, 176, 106]. The gelation behavior observed here is similar to that
observed for the ABA type block copolymers in a midblock selective solvent. Examples of such
systems are PMMA-PnBA-PMMA in 2-ethyl-1-hexanol or in 1-butanol [132, 134, 41, 43, 42, 40,
177, 176], and PS-(rubbery block)-PS in mineral oil or high alkane, where, the rubbery block can
be isoprene or ethylene-propylene [92, 158, 27, 119, 106].
The Hildebrand solubility parameter of a typical mineral oil is ≈14.1 MPa1/2 , which is closer to
that of PI (≈16.6 MPa1/2 ) in comparison to that of PS (≈18.1 MPa1/2 ), suggesting that mineral
oil is a good solvent for PI [92, 106]. Theoretically, the Flory Huggins interaction parameter (χ)
can be estimated from the Hildebrand solubility parameters if the molar volume of the solvent is
known [64, 176]. This allows one to analytically track the solubility of a block as a function of
temperature and also the degree of solvation of the aggregates [39, 176]. The molar volume of the
mineral oil used here is not known. Mineral oil generally consists of hydrocarbons in the range
of C4 − C10 . Since the boiling point of the mineral oil used here is close to that of decane, we
can assume that the major component of our mineral oil is decane. The Flory Huggins interaction
parameters, χD−P S (decane -PS) and χD−P I (decane-PI), can then be estimated (see Figure B.4) at
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the room temperature as 1.0 and 0.4, respectively. Supporting the experimental observations, the
temperature dependence of χ parameter indicates that the PI-blocks remain soluble over a large
temperature range, whereas, a high value of χD−P S at room temperature indicates poor solubility
of PS in mineral oil.
To understand the degree of solvation of the aggregates, modulated differential scanning calorimetry experiments on our samples were conducted, and the results are shown in Figure B.5. Similar
experiments on the acrylic gels display an endothermal peak, which has been related to the glass
transition of the PMMA blocks [39, 176]. No such peak in our gels has been observed. It may
indicate that the aggregates in our gels have some amount of solvent (mineral-oil) left or the heat
flow related to the glass transition of PS is below the measurement limit of our instrument. The
PS molecular weight in the polymers considered here is lower than its entanglement molecular
weight of ≈ 16.5 kg/mol, except for the D1162 where PS molecular weight is slightly higher
than the entanglement molecular weight. Therefore, no entanglement of PS in the aggregates is
anticipated.
In addition to the solvent quality, the endblock concentration plays a role in the gelation behavior. In our samples, the PS length is not constant for all three polymers (limitation of the commercially available polymers), therefore, PS concentration in the system is not directly proportional to
the chain density. For example, polymer in the SL-gel has a slightly higher PS endblock molecular
weight but the lowest overall molecular weight. However, as the polymer weight fraction has been
maintained constant for all three samples, SL-gel also has the highest chain density and PS concentration. PS concentration is significantly higher in the SL-gel ≈8.8%(w/w), in comparison to
the ML-gel ≈5.8%(w/w) and the LL-gel ≈3.8%(w/w). However, the decrease in chain density is
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not proportional to the decrease in PS concentration. In summary, in our system, Tgel is dictated by
both polymer chain density and PS concentration, and the effect of each factor will be investigated
in a future study.

Figure 3.2: I(q) versus q for the three gels considered here. Scattering profile of mineral oil and
background are also shown. (B) SAXS data for the range of 0.01 Å−1 ≤ q ≤0.06 Å−1 (in
markers) fitted with the poly-dispersed core hard-sphere model (solid lines) [132, 176, 106]. The
fitted parameters are reported in Table 2. For clarity, the curves for the ML-gel and the LL-gel are
shifted vertically.

Figure 3.2A represents the SAXS data for the background, mineral oil, SL-, ML-, and LLgels. Scattering profiles for the mineral oil and background are featureless for q > 0.01 Å−1 .
However, for the gels, a peak is observed at q ≈ 0.02 Å−1 as a result of inter-aggregate scattering
[105, 176]. A slight shift of this peak towards the lower q with an increase of PI-block length
signifies an increase in the inter-aggregate distance due to the longer PI chains. A second broad

71

peak for all three gel samples in the q range of 3 × 10−2 − 4 × 10−2 Å−1 corresponds to scattering
from the aggregates. A slight increase in intensity for q < 0.01 Å−1 in the gels, mineral oil,
and background likely originates from the scattering volume difference due to the varied sample
thickness. Furthermore, for q ≥ 0.06 Å−1 and q ≤ 0.015 Å−1 , the intensity profile for three gels,
mineral oil, and background are similar. Since most of the information regarding the gel structure
can be captured over the q-range of 0.015 Å−1 ≤ q ≤ 0.06 Å−1 , we restrict our analysis to this
range only.
We have used the polydispersed core hard-sphere model with Percus-Yevick approximation to
fit the SAXS data [132, 176, 106]. In this model, the core consists of collapsed PS aggregates
of radius, r0 (Figure B.6). Note that in this section on SAXS analysis, we have used both the
terminology core and aggregates interchangeably. The core radius follows a Gaussian distribution
with a standard deviation, σ, leading to a polydispersity in the aggregate radius, σ/r0 . The core
is surrounded by a fictitious hard-sphere (solvated PI chains) of thickness, s. Twice of the hardsphere thickness (2s) can be related to the PI end-to-end distance in the solvent (Figure B.6) [132,
176, 106]. Although, we have not captured TEM images for our gel samples, the previous reports
on SIS and SEPS polymers in mineral oil captured spherical aggregates [93, 94, 92]. The highest
PS content in our samples is ≈ 8.8%(w/w) for the SL-gel (Table B.1) and for such concentration
((w/w)≤ 0.2), the formation of spherical aggregates has been hypothesized by Laurer et al. [92],
therefore, justifying the model used here to fit the SAXS data.
Table 3.2 summarizes the fitted parameters for all three gels. Here, the aggregation number
represents an average number of PS chains present per aggregate [132]. SL- and ML-gels have
similar number of endblocks per aggregate, and the difference in aggregate radius is likely due
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Table 3.2: Parameters obtained from fitting the polydispersed core hard-sphere model to the
SAXS data.
Gel

SL-gel
ML-gel
LL-gel

Core
radius,
r0 (nm)
8.6
7.5
7.2

Hard-sphere
thickness, s(nm)
7.2
9.2
10.8

Polydispersity Volume
(σ/r0 )
fraction(ψ)
0.24
0.2
0.21

0.48
0.47
0.43

Aggregation
number
[132]
78
76
86

to the slightly higher molecular weight of the PS endblock in the ML-gel in comparison to the
SL-gel. The SL-gel has the highest hard-sphere volume fraction (ψ = 0.48) to accommodate
a higher number of aggregates. The aggregation number is expected to increase with polymer
volume fraction due to higher polymer chain density [132]. Interestingly, LL-gel has the highest
aggregation number, although the number of polymer chains in this system is the lowest. This
is reflected in the lowest ψ value of LL-gel. The number of aggregates per unit volume can be
calculated as, 1/D3 , where D = (4π(s + r0 )3 /3ψ)1/3 is the average distance between aggregates
[132]. Our calculation indicates that the number of aggregates per unit volume of SL-gel is ≈20%
higher than the ML-gel and ≈65% higher than the LL-gel. Also, higher number of aggregates
in the SL-gel resulted in an increased peak intensity, which scales with the number of particles
present in the system [105].
Figure 3.3 represents G0 over a range of φ for all three gels. A power law fit (G0 ∼ Cφn )
provides the exponent n ≈ 1.23 for the SL-gel, ≈1.24 for the ML-gel, and ≈1.42 for the LLgel. For tightly crosslinked network, n = 1 is expected, whereas, n has been predicted to be 2.3
for an entangled system [30]. However, for triblock gels in midblock selective solvents, different
exponents (as high as 2.68 ) have been reported before [92, 158, 21]. It has been hypothesized that
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Figure 3.3: G0 versus polymer volume fraction (φ) for the SL-gel (•), ML-gel (H) and LL-gel (N)
obtained using ω = 100 rad/s and γ0 = 0.01 at 22 ◦ C. Lines indicate a power law fit, G0 ≈ Cφn .
Error bars, which are smaller than symbol size, represent one standard deviation.

in addition to entanglement, solvent quality (or temperature), presence of flower-like structure, and
entanglement between adjacent corona can dictate the value of the exponent [92, 158, 21].
Next, we evaluate the level of entanglement in our gel. The degree of entanglement of the
PI chains in our gels can be estimated as, ne,P I = Ne φ4/3 [128, 21], where ne,P I is average
number of entanglements per chain in a solution with a polymer volume fraction of φ, and Ne
is the ratio of PI-block molecular weight to the entanglement molecular weight (≈ 6.4 kg/mol)
[21, 129, 128, 106]. The estimated values of ne for each gels are shown in Table 3.3. For the
SL-gel, ne,P I < 1 indicates no midblock entanglement in the system [21], however, some level of
entanglement can be expected in the ML- and LL-gels, as the estimated values of ne,P I are 1.26
and 1.78, respectively. Interestingly, we have not observed any difference in exponents for the SLand ML-gels, however, ML-gel is expected to be slightly entangled. Further, a higher n value for
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the LL-gel clearly shows midblock entanglement. In a previous study on PS-PI-PS gel in squalane,
n = 1.77 has been reported. In that system, a higher degree entanglement is likely due to the larger
midblock length (PI molecular weight of ∼115 kg/mol) [158].
Frequency sweep experiments were conducted on each gel over the temperature range of 12 ◦ C
to Tgel (Figure B.7A-C). Results comparing three gels at the room temperature are also shown in
Figure B.8A. All three gels display similar G0 values, which do not change significantly over the
frequency range investigated here, ω = 0.1 − 100 rad/s.

Table 3.3: Average number of entanglement per chain corresponds to the polymer volume
fraction (≈0.18) considered here.
Gel
ne

SL-gel
0.79

ML-gel
1.26

LL-gel
1.78

The time-temperature superposition (TTS) technique was used to capture the response over a
broader frequency range [158, 132, 119]. Since each gel has a different Tgel , choosing a common
temperature as a reference temperature (Tref ) may lead to an erroneous interpretation.
Since the gelation temperature of LL-gel is lowest and approximately 50 ◦ C higher than the
room temperature, we consider Tref = Tgel − 50◦ C for TTS. Therefore, Tref values for the SL-,
ML-, and LL-gels are 52, 32 and 22 ◦ C, respectively.
Figure 3.4A-C display the TTS data for all three gels in which G0 , G00 , and tan(δ) are plotted
against the shifted frequency (aT ω), where aT is the horizontal shift factor. The data over the
temperature range considered here can be superimposed, indicating that the underlying dynamics
do not change significantly with temperature. At higher aT ω, G0 > G00 , and the G0 values for the
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Figure 3.4: Time-temperature superposition (TTS) for the (A) SL-gel with Tref = 52 ◦ C, (B)
ML-gel with Tref = 32 ◦ C and,(C) LL-gel with Tref = 22 ◦ C. The insets represent the Arrhenius
fit of aT .
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three gels are independent of frequency. At lower aT ω, a crossover of G0 and G00 is observed for
the SL-gel and LL-gel at ≈ 8 × 10−4 and 2 × 10−6 rad/s, respectively. This frequency is called the
crossover frequency (ωco ). The crossover frequency can be used to determine the relaxation time
as, τF S ∼ 1/ωco [81]. At aT ω ≤ ωco , the gel behaves like a fluid (G0 ≤ G00 ). Interestingly, a clear
ωco could not be captured for the ML-gel. Also, both ML- and SL- gels display an upturn in G00 at
higher ω (Figure 3.4C). As reported earlier for other triblock gels in a midblock selective solvent,
we attribute such behavior to the midblock relaxation which has shown to be strongly influenced
by solvent viscosity [115].

Table 3.4: Activation energy (Ea ) obtained from fitting the shifting factor (aT ) to Arrhenius
equation.
Ea (kJ/mol)
181
184
224

Gel
SL-gel
ML-gel
LL-gel

Shift factor (aT ) was fitted with the Arrhenius law, ln(aT ) = (Ea /R) (1/Tref − 1/T ), where
Ea is activation energy and R is gas constant [77]. A good fit was obtained for aT versus 1/T
(Figure 3.4A-C insets) indicating a single dominant relaxation mechanism for all the three gels.
The corresponding Ea values are shown in Table 3.4. The estimated Ea values are similar to that
observed previously for the PS-PI-PS gels [158], but significantly lower than that observed for the
acrylic gels [77, 132]. The Ea values are related to the PS block transfer from one aggregate to
the other and strongly depend on the solvent quality. The higher Ea value in the acrylic gels likely
signifies that midblock solvents (1-butanol [77] or 2-ethyl-1-hexanol [132]) used in those gels are
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poorer solvents for PMMA than mineral oil for PS. This also supports our observation of no clear
endothermic peak in DSC experiments. Interestingly, the Ea value for the LL-gel is slightly higher
than that of the other two gels. Therefore, the PI chain motion with respect to the solvent, also has
an effect on the Ea values.
Furthermore, TTS was also attempted using Tref = 22 ◦ C for all gels, but ωco does not appear
to follow a trend (see Figure B.8B-D) probably due to the difference in their deviation from the
Tgel . In addition to frequency sweep experiments, amplitude sweep experiments were performed
on these gels (Figure B.9). We have not seen any stiffening behavior over the experimental range of
γ0 = 10−4 −1, as observed for the case of acrylic gels [41, 43, 42, 65, 177, 176]. Note that we have
used our gels multiple times for rheological experiments by taking benefit of their thermoreversible
behavior. Specifically, the gel samples were heated to the solution phase and were then cooled
down to obtain the gel phase again. The goal was to erase the deformation history. No significant
deviation in rheological results between the runs has been observed.

3.3.2

Effect of Strain Rate on Tensile Properties

Next, we investigate the mechanical properties of these gels in tensile mode. Figure 3.5A-C
displays nominal stress (σ0 ) as a function of the stretch ratio (λ) obtained from the tensile tests
performed at three different stretch-rates (λ̇) varied over three decades, λ̇ ≈ 0.0048, 0.048, and
0.48 s−1 . The results shown here are an average of five runs. For the low stretch ratio, i.e., λ ≤ 1.1,
the responses for all three gels overlap (Figure B.10A-C), indicating a similar low-strain modulus,
similar to shear-rheology experiments.
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Figure 3.5: Nominal stress (σ0 ) as a function of stretch ratio (λ) obtained from the tensile test
experiments for the (A) SL-gel, (B) ML-gel, and (C) LL-gel performed at λ̇ ≈ 0.0048, 0.048 and
0.48 s−1 , respectively. Error bars represent one standard deviation.
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For the ML-gel and LL-gel, the modulus (dσ0 /dλ) increases with an increase in λ̇, capturing a
rate dependent phenomena (Figure 3.5B-C). However, such has not been observed for the SL-gel
(Figure 3.5A). Further, at a given λ̇, the ML-gel has the highest modulus, and the LL-gel has the
lowest (Figure B.11A-C).
These gels do not fail at the same stretch value and the failure stretch (λf ) changes with λ̇.
Photomicrographs comparing the stretchability of these gels at three λ̇ values just before the event
of failure are shown in Figure B.12A-C. For all three gels, σf and λf increase with an increase in
λ̇, and the results are shown in Figure B.13A-C. For any given λ̇, the LL-gel displays the highest
stretchability (i.e., highest λf ) followed by the ML- and SL-gels, respectively.
In elastomeric networks and gels, generally the low-strain modulus scales with the load bearing
chain density [153]. In addition, the entanglement can act as crosslinking points and increase the
apparent load bearing chain density leading to an increased modulus. If we consider that all PI
chains form bridges, the load bearing chain density can be calculated knowing the gel density
(ρgel ) and PI weight fraction (wP I ) as: ≈ ρgel wP I Nav /Mn,P I , where Nav represents the Avogadro’s
number [148]. This also represents the number of PI chains per unit volume and we estimate
1.14 × 1024 , 9.15 × 1023 , and 7.61 × 1023 chains/m3 for the SL-, ML- and LL-gels, respectively.
Although chain densities are different, similar low-strain moduli (for λ ≤ 1.1) for all three
gels can be attributed to the following factors, viz., (1) the bridging fraction of midblocks, i.e.,
the fraction of total PI-blocks forming bridges, (2) the degree of midblock stretching during the
gelation process, and (3) the effect of entanglement on the measured modulus in the ML- and
LL-gels, even at low stretch-rate. The bridging fraction can be estimated using the relationship,
av
f RD2
E = 3kB T ρφN
M

2

[135]. Here, E is the low-strain elastic modulus, f is the fraction of the

e−e
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elastically active chains (or bridging fraction in our case), φ is polymer volume fraction, M is the
copolymer molecular weight, and Re−e is the end-to-end distance of the midblock.
√
For θ-solvent, Re−e can be estimated as Re−e = bP I NP I [128]. PI Kuhn length is bP I =0.84 nm
and NP I , the number of Kuhn segments, are ≈ 420, 662, and 960 for the SL-, ML- and LL-gels,
respectively. Using these values we estimate the bridging fraction f as 0.2, 0.41, and 0.35 for the
SL-, ML- and LL-gels, respectively. The bridging fraction displays a strong dependence with the
end-to-end distance of the polymer, and the above values are the lower limit of the bridging fraction. Considering mineral oil as a good solvent, a higher value of Re−e can be obtained, leading
to the higher values of bridging fractions. Note that the above estimate considers uniform polymer
density throughout the system, ignoring the different level of solvation for the PS- and PI-blocks
[135]. An accurate estimate of bridging fraction is not trivial and has only been determined experimentally for a limited number of ABA gels [165]. Computational studies indicate that the bridging
fraction can increase up to the maximum of 0.7 for φ = 0.6 [165, 83, 144, 21, 20]. Therefore,
we can hypothesize that the bridging fraction values can be as high as ≈0.7 and the lower limit
is the one estimated above, however, it will follow the same trend shown above. In other words,
SL-gel has the lowest bridging fraction followed by the LL- and ML-gels. Also, the chains that are
not associated with the bridge formation form loops, and it appears that the SL-gel has the highest
number of loops.
We can also estimate whether the PI chains are in the stretched state after gelation. The degree of midblock stretching can be estimated using D/Re−e . Considering θ-solvent as above, we
estimate the midblock stretch ratio as 1.88, 1.60, and 1.47 for the SL-, ML- and LL-gels, respectively, indicating a slightly higher midblock stretch in the SL-gel followed by the ML-gel. Note
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that similar to bridging fraction calculation, the stretch value decreases if the solvent is considered
as a good solvent. Therefore, we can hypothesize that the gels are slightly stretched at the gelation
condition, and such stretching has some effect on the low-strain modulus values.
Note that the SL-gel has the lowest bridging fraction, but the factors like the highest chain
density and slightly-stretched bridges result in a similar low-strain modulus. Therefore, all these
factors dictate the low-strain modulus and the effect of individual factors will be investigated in a
future study. At higher λ, the effect of entanglement becomes more pronounced as observed in the
rate-dependent behavior of ML- and LL-gels. As no midblock entanglement is anticipated in the
SL-gel, no clear stretch-rate dependence has been observed [21, 106].
For the ML- and LL-gels, modulus at the high-stretch-rate depends on both the load-bearing
chain density and degree of entanglement. Both parameters in combination cause a higher modulus in ML-gel at the higher stretch. In LL-gel, the load-bearing chain density is the lowest and
entanglement alone is not enough to increase the modulus significantly, therefore this gel sample
displays the lowest modulus (Figure B.11A-C) at each λ̇. With an increase in λ̇, the PI chains are
stretched faster, thus, cannot transfer stress to PS-blocks in order to pull-out to happen from the
aggregates. As a result, failure stretch (λf ) increases with λ̇.
For the SL-gel, the tensile test results are independent of λ̇, therefore, neo-Hookean model for
uniaxial loading, σ0 = Gc (λ − 1/λ2 ), was fitted to the experimental data. Here, Gc is the shear
modulus originated from the crosslinks only [153]. The fitted parameters are reported in the Table 3.5 and corresponding fits are shown in Figure B.14A-C. The fitted value of Gc is in agreement
with the G0 (≈ 10.8 kPa) obtained from the shear-rheology experiments conducted at room temperature using ω = 100 rad/s and considering the Poisson’s ratio of 0.5 ( i.e., incompressible gel).
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For the other two gels, where entanglement is expected, we attempted to fit the slip tube model
[153, 128, 21, 112, 106]:


σ0 = Gc +

Ge
0.74λ + 0.16λ−1/2 − 0.35



1
λ− 2
λ

(3.1)

Table 3.5: Estimated values of Gc and Ge for SL-, ML-, and LL-gel obtained for λ̇=0.0048,
0.048, and 0.48 s−1 .
Gel
SL-gel
ML-gel
LL-gel

λ̇ = 0.0048 s−1
Gc (kPa) Ge (kPa)
11.04
0
11.67
0.081
-

λ̇ = 0.048 s−1
Gc (kPa) Ge (kPa)
13.39
0
11.67
2.77
–

λ̇ = 0.48 s−1
Gc (kPa) Ge (kPa)
11.7
0
11.67
8.76
-

Here, Ge is the entanglement contribution to the elastic modulus. If both Gc and Ge are used
as the fitting parameters, we may have potential overprediction of Gc [21]. Thus, either Gc and Ge
needs to be known [21]. For the case of ML-gel, Gc was fixed to plateau modulus obtained from
TTS (Figure 3.4B). However, using plateau modulus in the case of LL-gel, a reasonable fitting
was not obtained, as a negative value of Ge was estimated (not shown here). This signifies the
entanglement contribution in the plateau modulus that leads to an overestimation of Gc .

3.3.3

Failure Subjected to Fixed Load

If a constant load is applied to these samples, the PI chains in the loading plane are in the
stretched state. Due to the inhomogeneity in the polymer network, not all PI chains experience
the same force/stress. As a result, the time necessary to pull-out polymer endblocks from the
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aggregates follows a probabilistic distribution. A cascading of pull-out events lead to the formation
of a crack, which further propagates to causing the sample failure. This has been studied using
creep failure experiments.
In creep experiments, a range of fixed load/stress (σ0 ) was applied to the samples with an
increment of 2.5 kPa. Due to the difference in stretchability and σf for the three gels considered
here, a different set of load values were applied to each gel. However, λ̇ = 0.048s−1 was fixed for
all samples. The maximum value of σ0 was selected to be lower than σf obtained at λ̇ = 0.048s−1
(see Figure B.13). Thus, σ0 in the range of 7.5-15 kPa, 15-25 kPa, and 10-20 kPa were applied for
the SL-, ML-, and LL- gels, respectively. The failure time was measured from the time of full load
applied to the time at which the sample completely broke. Since the failure time for each sample
displays a distribution, an arithmetic mean of the failure time is considered as tbreak [106].
Figure 3.6 displays the creep failure results for all three gels in which tbreak is plotted against
σ0 . An exponential decrease in tbreak with an increase in σ0 is observed. Interestingly, for a given
σ0 , tbreak is the longest for the ML-gel, followed by the LL-gel and SL-gels, respectively. The
results can also be compared with the tensile test data, where the ML-gel can sustain a higher
stress value for a given λ.
In our creep experiments, the samples are loaded uniaxially, and the load-bearing PI chains
along the loading-plane transfer the load to the PS-blocks before been pulled-out of the aggregates.
However, the presence of midblock entanglement can affect such load transfer process, as observed
in the ML- and LL-gels. Furthermore, since the load-bearing chain density is higher for the MLgel in comparison to the LL-gel, individual PI chains bear comparatively less load in the ML-gel.
As a result, for a given load, the ML-gel displays higher tbreak in comparison to the LL-gel. As
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Figure 3.6: tbreak as a function of σ0 for the SL-gel (•), ML-gel (H), and LL-gel (N) gels obtained
from creep experiments. Lines represent the model fit presented in Eq. 3.2. Error bars represent
one standard deviation of tbreak . The fitted parameters are shown in the Table 3.6.

the SL-gel has no significant midblock entanglement, the load directly transfers to PS endblocks,
correspondingly, the SL-gel breaks at a lower tbreak than the other two gels for a given value of σ0 .
Creep failure mechanism in physical gels has been explained previously using the kinetic theory of failure [109, 106]. According to this theory, an activation energy barrier (Uact ) is needed
to overcome in order to chain pull-out from the aggregates. An application of σ0 decreases the
energy barrier to Uact − σ0 V . Here, V is the activated volume. For the present case, V is half of
the aggregate volume [157]. Since the chain pull-out probability varies inversely with the tbreak , a
relationship between tbreak and σ0 can be expressed in the form of Eyring equation as [109, 81]:


tbreak = t0 exp
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Uact − σ0 V
kB T


(3.2)

Table 3.6: The intercept and activated volume obtained by fitting Eyring equation (Eq. 3.2)
[109, 106] to the creep failure results.
Gel
SL-gel
ML-gel
LL-gel

ln(t0 ) + Uact /kB T
8.65 ± 0.66
9.86 ± 0.18
9.98 ± 0.47

V (nm3 )
1298 ± 223
1034 ± 35
1263 ± 119

Here, t0 is the characteristic time and kB is Boltzmann constant. For the fitting purpose,
the Eyring equation can be arranged in the linear form as: ln(tbreak ) = [ln(t0 ) + Uact /kB T ] −
(V /kB T )σ0 [106]. This equation is fitted to the experimental creep failure data and model fits are
shown in Figure 3.6. The V /kB T represents the slope, and ln(t0 ) + Uact /kB T represents the intercept at the ln(tbreak ) axis. The V and intercept at tbreak -axis are shown in Table 3.6 for the three
gels. We have estimated V as ≈ 2596, 2068 and 2526 nm3 , for the SL-, ML-, and LL-gels, respectively. For the SL-gel, the estimated radius from V is ≈8.5 nm which is similar to r0 =8.6 nm
obtained from the SAXS experiment (Table 3.2). However, this model overestimates the radius by
approximately 0.5 and 1 nm for the ML- and LL-gels, respectively. We can hypothesize that the
entanglement likely affects the activation volume estimation, and the Eyring equation needs to be
used with caution for the gels with entangled midblock.

3.3.4

Fracture from a Predefined Crack

In the creep experiments, a crack or flaw originates from a cascading event of endblock pullout of the aggregates because of an applied load. Next, we investigate the failure of these gels
initiated from a pre-defined crack (a0 ). Here, a clamped sample was stretched by moving the
top bar attached to a stage (Figure B.2A-B). Consequentially, the sample stores strain energy. The
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crack starts to propagate as soon as the stored energy in the gel becomes higher than a critical value.
In earlier studies, these experiments have been conducted in two ways. In the first technique, the
sample is stretched until a constant crack velocity has been achieved. At that point, the stretching
of the sample is stopped. This type of experiment is named as the quasi-static experiment (QS)
[7, 106]. In another type of experiment, the sample is stretched continuously and is known as the
material saving experiment (MS). Here, Γ can be been estimated as, Γi = hF 0

R λi
1

σi dλ, where σi is

the stress and λi is the stretch ratio required to extend the crack from length ai to ai+1 . The change
in crack length with time provides the crack-tip velocity (v) and as detailed in our previous work,
v is estimated by differentiating the crack length with respect to time [106]. It has been shown
that both QR and MS experiments provide similar results [7], including for the ML-gel [106], but
more data points can be obtained from a single MS experiment [7, 10, 134, 106]. We have only
conducted MS experiments in the present study.
Figure B.15A-B displays the nominal stress and crack length plotted against the sample stretch
ratio for the three gels. The stress peaks (Figure B.15B) represent the stretch value after which the
crack propagation is unbounded and has not been considered for our analysis. In other words, we
have used the data from λ at which the crack starts to propagate to the stress peak for estimating v
and the corresponding Γ.
Our experiments reveal that the SL-gel needs minimum stretching before the crack starts to
propagate. This is followed by the ML-gel and LL-gel, respectively. A sharper curvature of the
crack length for the SL-gel in between λ ≈ 1.2 − 1.4 (Figure B.15A) indicates a relatively high
velocity window that can be captured. This signifies that the less energy per unit area is required for
the crack to propagate in this gel. On the other hand, the LL-gel is more stretchable and requires a
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higher amount of stored energy for crack propagation (Figure B.15B). Also, the unbounded crack
growth occurs at a relatively high stretch for the LL-gel. Further, similar to the observations in
tensile tests, the stress values are the highest for the ML-gel followed by that for the LL-gel and
SL-gel for a particular λ.
Crack blunting in the LL-gel has been observed to be the highest, followed by that in the MLgel and SL-gel, respectively. Crack blunting for the different gels for a λ at which the crack begins
to propagate are shown in Figure B.16A-C. Higher crack blunting signifies the presence of a larger
cohesive zone [73]. In addition, we have observed fibril formation at the crack-tip for the LL-gel
but not for the others (Figure B.17). The formation of fibrils increases the energy release rate. In
summary, our results indicate that the LL-gel is the toughest among the three gels considered here.
Γ as a function of v for three gels are shown in Figure 3.7. Γ for the LL-gel increases sharply
with v in comparison to the ML- and SL-gels. The experimental data in Figure 3.7 can be fitted
using an empirical model [138, 89]:



Γ = Γ0 1 +

 v m 
v∗

(3.3)

where, Γ0 is the critical energy release rate, v ∗ is the characteristic crack-tip velocity, and m
is a fitting parameter. All three samples display a linear relationship between Γ and v. Therefore,
we can fix m = 1 and the Eq. 3.3 takes the form of Γ = Γ0 + αv, where α = Γ0 /v ∗ . The fitted
parameters for the three gels are presented in Table 3.7. The Γ0 values are of the same order of
magnitude. Further, the Γ0 values are quantitatively similar for the ML- and LL-gels and is lowest
for the SL-gel.
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Figure 3.7: Energy release rate (Γ) as a function of crack-tip velocity (v) for the SL-gel (•),
ML-gel (H), and LL-gel (N). Lines represent the model fit (Eq. 3.3). The fitted parameters are
shown in Table 3.7.

The reason for higher Γ for the LL-gel is the PI entanglement, which restricts the local chain
motion and delays the stress transfer to the PS endblocks in order to pull-out from the aggregates.
In addition, longer PI chains are subjected to higher viscous drag. A slight decrease in Γ0 for the
SL-gel can be attributed to the shorter non-entangled midblocks, where, the stress directly transfers
to PS endblock leading to their pull-out from the aggregate at a lower λ. Similar to our findings,
the acrylic gels with the longer midblock have been shown to have a higher Γ [134].
In our previous work [106], we have attempted to estimate a theoretical energy release rate
(Γ0,theo ). We have recognized that the endblock pull-out process for a chain involves three important phenomena and the corresponding energy can be evaluated as: (1) the change in free energy
(∆Fentropy ) of the PI chain due to its stretching, an entropic process, (2) the energy necessary to
89

Table 3.7: Parameters that are obtained by fitting Eq. 3.3 to the experimental data in Figure 3.7
with m = 1.
Gel
SL-gel
ML-gel
LL-gel

Γ0 (J/m2 )
16.51 ± 0.95
57.09 ± 0.457
46.09 ± 1.57

v ∗ (mm/s)
0.625
0.478
0.097

overcome the frictional force between the PS endblock being pulled-out and the other PS chains
(Ef ), and (3) an enthalpic penalty associated with the unfavorable event of bringing the PS-block
in the solvent (Eenthalpic ) [106].
The ∆Fentropy involves strain energy stored in a PI chain during the sample stretch. Now,
∆Fentropy = kB T (λ2 + 2/λ − 3)/2 [153], where kB is Boltzmann constant and maximum stretch
ratio of a polymer chain can be estimated as, λ = NP I bP I /Re−e . Note that the maximum stretch
ratio will be slightly lower if the chains are already stretched to some extent in the gelation process,
as described above. The Ef can be estimated as ∼ fM Rmax,P S , where Rmax,P S is the PS chain
length and fM is the frictional force the PS endblock is subjected to as it is pulled out of the
aggregate. Since the degree of solvation of the aggregates is not known, we have estimated Ef
by considering maximum frictional force equal to the force (≈ 1 nN) required to break a C-C
bond. Further, Eenthalpic ∼ αχD−P S NP S kB T [106]. Here, αD−P S χ = ln(τF S /τRouse,P S )/NP S ,
where α is a fitting parameter [27, 119], and τRouse,P S is Rouse time of PS-blocks in aggregate.
Now, τRouse,P S = ζb2P S NP2 S /6π 2 kB T [128], where, ζ is the monomeric friction force, bP S is
the PS Kuhn length, and NP S is the number of Kuhn segments in a PS endblock. We assume
ζ ≈ 1.2 × 10−3 Ns/m, considering glass state of the PS aggregates [22, 119, 106], The estimated
values of τRouse,P S are 11.8, 8.5 and 5.2 s for the SL-, ML- and LL-gel, respectively. Using these
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values we estimate αχ values for the SL-, ML- and LL-gel as 0.17, 0.28 and 0.64, respectively.
Table 3.8 provides the calculated values ∆Fentropy , Ef , and Eenthalpic for the three gels.

Table 3.8: Estimated energies for the processes involved in a chain pull-out and theoretical value
of critical energy release rate, Γ0,theo .
Gel
SL-gel
ML-gel
LL-gel

∗

∆Fentropy (kB T )
Ef (kB T )
Eenthalpic (kB T )
208
1.19×104
4.67
4
109
1.02×10
6.37
3
149
7.95×10
11.5
∗
PI strand between entanglement nodes considered

Γ0,theo (J/m2 )
0.24
0.12
0.071

The theoretical energy release rate (Γ0,theo ) can be estimated using the framework of Lake
and Thomas [91]. According to this theory, when a bond in a chain breaks during the fracture
process, the energy stored in the chain is released. The energy released rate can be estimated by
multiplying the areal chain density with the energy released by one chain. Due to the presence of
physical crosslinks, the energy required to pull-out a PS chain from aggregate is significantly lower
than the energy required to break the carbon bond (≈350 kJ/mol) suggesting that the pull-out is a
preferential mechanism for fracture. A PS chain pull-out energy can be estimated as a summation
of all three energies indicated in Table 3.8. Further, twice of hard-sphere thickness (Table 3.2) can
be used to estimate the areal chain density as (1/(2s)2 ), which does not vary significantly for all
three gels (≈ 1015 /m2 ). Based on these values we can estimate Γ0,theo in the range of 0.07-0.24 J/m2
(Table 3.8). The Γ0,theo is two orders of magnitude lower than that observed experimentally (Γ0 )
[10, 106].

91

A similar discrepancy between Γ0 and Γ0,theo has been reported for the alginate gels, where the
estimated Γ0 was found to be an order less than the observed value [10]. The difference between
Γ0,theo and Γ0 in our case can be attributed to many factors, viz., disentanglement of the chains
and friction between the chains, and most importantly the additional chain pull-out process in
the cohesive zone [7, 10, 162, 116]. The cohesive zone length scale or elasto-fracture length can
be estimated as, Γ0 /E [73]. We estimate Γ0 /E ≈0.5, 1.6 and 2 mm for the SL-, ML- and LLgel, respectively, supporting the maximum crack blunting for the LL-gel followed by the ML-gel
(see Figure B.16). In the cohesive zone (highly stressed zone), additional chain pull-out can take
place. Here, we have used the areal chain density to estimate Γ0,theo and a better prediction can be
obtained if the total number of affected chains (active chains) in the cohesive zone is considered.
However, in this study we have not attempted to determine the exact dimension of the cohesive
zone and the the stress the aggregates are subjected to in that cohesive zone [31].

3.4

Conclusions
Three PS-PI-PS gels in mineral oil with a similar modulus at the room temperature have been

investigated to understand the effect of the midblock molecular weight on their mechanical properties. The size and inter-aggregate distance in these gels have been captured using SAXS to
further elucidate the gel structure. Gelation of these gels depends on the endblock concentration,
as observed in the variation of the gelation temperature for different polymers. The stretch-rate
dependent gel modulus at high strain is possibly due to the midblock entanglement. Creep failure of these gels is also affected by the midblock entanglement. Fracture experiments reveal that
with an increase in midblock length, the gel toughness increases with the crack-tip velocity. The
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crack-tip blunting is also observed and such blunting is more pronounced for the gel with the
longest midblock length. Theoretical calculation of the energy release rate is found to be two orders of magnitude less than that observed experimentally, possibly due to the underestimation of
the chain pullout event taking place in the cohesive zone, ahead of the crack-tip. In addition to the
gels considered here, the understanding achieved here is also applicable to the other ABA triblock
copolymer gels in a midblock selective solvent. In many hydrogels, in addition to the primary
network, secondary bonding or physical interactions (for example, hydrophobic interactions) have
also been introduced. These physical interactions have shown to increase the modulus and fracture
toughness of the gels. The dissociation of these secondary bonding or interaction will likely follow the similar physics presented here. We have not used a model that unifies the creep and tensile
experiments [2], such investigation is an important future direction for this study.
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CHAPTER 4
EFFECT OF POLYMER VOLUME FRACTION ON THE MECHANICAL PROPERTIES OF
PHYSICALLY ASSEMBLED TRIBLOCK COPOLYMER GEL

4.1

Introduction
Mechanical properties of a physically assembled gel, that consist of an ABA type copolymer

dissolved in a B-block selective solvent, is dictated by their microstructure [111, 92, 158, 132, 134,
41, 27, 26, 42, 40, 65, 177, 119, 176]. A relative difference in the solubility of A- and B-blocks
with solvent leads to the formation of a physically assembled structure. At high temperature, both
of the blocks are soluble in the solvent, therefore, the system acts like a viscous solution. However, with a decrease in temperature, the solvent quality becomes poor to the endblocks (A-blocks)
leading to the collapse of few A-blocks to form aggregates, while the midblocks (B-blocks) remain
soluble in the solvent bridging those aggregates [92, 158, 132, 134, 41, 42, 40, 65, 177, 119, 176].
These bridges act as load-bearing chains and the aggregates behave like crosslinks. As a result,
a three-dimensional network of a physically crosslinked polymer forms, which is swollen in the
solvent due to solvated state of B-blocks. These gels are thermoreversible in nature. Two such
type of gels that were studied in the literature are, (1) poly(styrene)-rubber-poly(styrene) [PSrubber-PS], where the rubbery block can be poly(isoprene) [PI], poly(ethylene/ butylene) [PEB],
or poly(ethylene/propylene) [PEP] [92, 158, 106, 107], and (2) poly(methyl methacrylate)- rubberpoly(methylmethacrylate) [PMMA-PnBA-PMMA], where the rubbery block can be poly(n-butyl
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acrylate) [PnBA] or poly(n-butyl acrylate) [PtBA] [132, 134, 41, 42, 40, 65, 177, 176]. The midblock selective solvents used in the literature for first system were mineral oil, tetradecane, or
squalane and for the second system was 2-ethyl-1-hexanol or n-butanol.
The mechanical responses of these gels are governed by their microstructure. The parameters
that affect a gel microstructure are polymer volume fraction [92, 158, 132, 41, 65, 177, 119, 176],
solvent quality to the respective blocks [176], presence of nanoparticles [177], length (or molecular
weight) of midblock and endblock [158, 15, 21, 20, 107] and, addition of a homopolymer (either
A-block or B-block) [135].
At low polymer volume fractions in gels, the aggregates density (number of aggregates per unit
volume) is less and midblocks are stretched in order to connect the aggregates. With an increase
in polymer volume fraction, formation of more aggregates is preferred leading to an increase in
the aggregate density [132]. However, at higher polymer volume fraction the midblocks are not
stretched and an increase aggregate density can cause the looping of midblocks rather than being
stretched in solvent leading to a higher entropic penalty. Therefore, at higher polymer volume
fraction, an increase in the polymer concentration leads to an increase in the size of aggregates,
which further increases the aggregation number [93, 94, 92, 132]. Both of these changes in the
microstructure lead to an increase in the load-bearing chain density, which further results in an
increase of modulus. However, at sufficiently high concentration of polymer, the gel modulus depends weakly with polymer volume fraction. This is due to the less inter-aggregate space at higher
polymer volume fraction leading to relatively relaxed midblocks [144]. The solvent quality to the
respective block (A- or B-block) of the triblock copolymer also governs the gel microstructure. It
was shown for the acrylic gels in d-butanol that at low temperature (0 and -10 ◦ C), the solvent qual95

ity to the PMMA-blocks becomes poorer leading to a transition in the gel microstructure. Such
transition was attributed to the clustering of PMMA aggregate indicated by the mass fractal. A
further low-q is required to understand the structure completely [176].
The molecular weight of midblocks and endblocks also plays an important role in dictating
the gelation temperature [134], gel moduli [132], and microstructure [92]. The higher molecular
weight of midblocks facilitates the midblock to connect two aggregates, as a result of which, the
critical micelle concentration is often low for the polymer with longer midblocks [158]. For the
polymer with longer midblocks, the effect of concentration on the bridging fraction is relatively
weaker due to the ability of midblocks to bridge two aggregates without stretching [15, 144].
The increase in midblock molecular weight causes the entanglements of midblocks resulting in
increased moduli of gels [21, 20]. The gel with midblock entanglements also shows strain-rate
dependent properties and a higher failure time when subjected to a creep load [106]. A gel with
longer midblocks was recently shown to increase the fracture energy by increasing the viscous
dissipation due to higher drag force experienced by the longer midblocks in the solvent [134]. On
the other hand, a higher molecular weight of endblocks facilitates the formation of aggregates of
higher radius, therefore, displaying a higher relaxation time and higher gelation temperature [132].
A higher concentration of endblocks can also lead to the evolution of gel microstructure from
micellar to cylindrical. A further increase in concentration can transform the gel microstructure to
lamellar [92, 176].
Addition of nanoparticles like graphene is shown to affect the physical assembly process of
acrylic gels [177]. Recall that the acrylic gel consists of PMMA–PnBA–PMMA in 2-ethyl-1hexanol. The presence of graphene interferes with the aggregate formation due to its affinity
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towards the PMMA [177]. This leads to a decrease in gelation temperature upon addition of
graphene. However, at low temperatures, difference in the moduli of pristine gel and the gel with
added graphene was not found to be significant. This was attributed to the stronger interaction of
PMMA and graphene at lower temperatures [177].
Increasing the concentration of a specific block by adding a homopolymer is different than
achieving the same with increased polymer volume fraction. This is due to the fact that homopolymers can not act as load-bearing chains, however, they can influence the microstructure of gels.
Addition of endblock homopolymer was shown to increase the size of aggregates resulting in a
higher modulus, however, it does not affect the gelation temperature [135]. A higher concentration of endblocks achieved by adding the endblock homopolymer also dramatically decreases the
equilibrium swelling ratio of gels [135].
A good understanding has been developed between the gel mechanical behavior and their microstructure, however, a comparative study is necessary between the gels with entangled and nonentangled midblocks that composed of the same polymer. Most of the previous studies were emphasized on understanding the effect of midblock entanglement degree or polymer volume fraction
in gels [112, 21, 21]. Therefore, studying the change in mechanical properties of gels that consist
of the same polymer but exhibiting non-entangled and entangled midblock is important. This can
be achieved by choosing a polymer in which the midblock molecular weight is higher than the entanglement molecular weight of the midblock polymer melt. At low concentrations the midblocks
do not entangle, however, while their entanglement can be expected at higher concentration. In
the present study, we have investigated the gels with increasing polymer volume fraction. These
gels consist of poly(styrene)-poly(isoprene)-poly(styrene) [PS-PI-PS ] polymer dissolved in white
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mineral oil, which is a midblock selective solvent. Due to higher PI-block molecular weight in the
copolymer than PI entanglement molecular weight, we expect PI entanglements in gel at higher
polymer volume fraction. We have captured the change in mechanical properties of gels when
the midblocks are entangled and non-entangled. Small-angle x-ray scattering technique was used
to capture the microstructure of the gels. Rheology, tensile tests, and fracture experiments were
performed to understand the mechanical properties of gels.

4.2

Experiment Details
Gel samples were prepared using the Kraton D1164 polymer (kindly provided by Kraton) in

the mineral oil[106]. The Agilent GPC was used to determine the molecular weight of D1164 as
Mn ≈111.88 kg/mol with a polydispersity index of 1.11. D1164 polymer was dissolved in the
white mineral oil (kindly provided by Sonneborn) at 130 ◦ C. The hot polymer solution was stirred
for 6 hr at 300 rpm at 130 ◦ C. Later, the solution was placed in the oven at 130 ◦ C for 4 hrs to
remove the bubbles and obtain a clear solution. We have prepared 3 samples with 0.1, 0.15, and 0.2
of polymer weight fraction corresponding to the polymer volume fraction (φ) of 0.089, 0.135, and
0.181, respectively. For simplicity, we will refer the gel with φ=0.089 as low volume fraction gel
(ML-L-gel), φ=0.135 as medium volume fraction gel (ML-M-gel), and φ=0.181 as high volume
fraction gel (ML-H-gel). The gel nomenclature of gels, respective polymer volume fraction and
polymer weight fraction are provided in the Table 4.1. Note that the ML-H-gel used here is same
as ML-gel in chapter 3. This gel is also explored deeply in chapter 2.
For the rheology experiments, tensile test, and fracture with a predefined crack experiments,
we have used the same protocol as mentioned in chapter 2.
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Table 4.1: Gel nomenclature, polymer volume fraction (φ), and polymer weight fraction (%wt) of
the samples used in present study.
Gel
ML-L-gel
ML-M-gel
ML-H-gel

4.2.1

φ (v/v)
0.089
0.135
0.181

% wt
0.1
0.15
0.2

Rheology

Figure 4.1 represents evolution of storage moduli (G0 ) and loss moduli (G00 ) of ML-L-, ML-Mand ML-H-gels with the temperature. At higher temperature (T > 90 ◦ C), the loss moduli (G00 ) are
higher than the storage modulus (G0 ) indicating a viscous polymer solution. As the temperature is
reduced, both G0 and G00 begin to increase indicating the onset of network formation. A crossover
of G0 and G00 represents the gelation temperature (Tgel ). The Tgel values observed for the ML-L-,
ML-M- and ML-H-gels are 62, 72, and 85 ◦ C, respectively. At T < 40 ◦ C, the G0 of all three
gels reaches to a plateau indicating no further change in the gel microstructure with a decrease in
temperature. With an increase in the φ, an increase in the G0 can be observed. At room temperature
(22 ◦ C), the G0 values for ML-L-, ML-M- and ML-H-gels are 2.9, 4.9, and 12.7 kPa, respectively.
Similar to as reported for acrylic gels [132, 134, 135, 41, 42, 65, 177, 176, 106], the gelation
behavior of these gels originates due to the strong temperature dependence of endblock solubility
with solvent, while the midblock solubility does not vary significantly with temperature. At higher
temperatures, both of the blocks are soluble in the solvent. As the temperature is reduced, the
solvent quality to the PS-blocks becomes poor resulting in the collapse of a few PS-blocks to
form the aggregates. However, the PI midblocks remains solvated bridging those aggregates [106].
The resultant structure is a three-dimensional network of physically crosslinked polymer swollen
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Figure 4.1: Storage moduli and loss moduli (G0 and G00 ) for ML-L- , ML-M-, and ML-H-gels as a
function of temperature (T ). Experiments were performed using ω= 1 rad/s and γ0 = 0.01. A
cooling rate of 2 ◦ C/min with a soak time of 5 minutes was used. Error bars represent one
standard deviation.

in the solvent. With an increase in φ, the polymer chain density increases that facilitates the
network formation at a relatively higher temperature, therefore, the Tgel increases with an increase
in φ. Further, an increase in φ increases the load-bearing chain density leading to an increased G0
[132, 177].
Figure 4.2A shows the moduli of gels (G0 and G00 ) as a function of oscillation strain amplitude
(γ0 ). The strain amplitude was varied from γ0 =10−4 -1 using oscillation frequency ω=1 rad/s at
room temperature. Under the investigated range of γ0 , the variation in moduli of gels is not significant. Figure 4.2B shows the variation in moduli of gels as a function of ω. No significant effect of
ω on G0 and G00 was observed. At ω ≤ 0.1, the lower torque limit of the instrument was reached,
thus, time-temperature superposition (TTS) technique was used to probe into the lower frequency
regime.
100

Figure 4.2: G0 and G00 for ML-L-, ML-M-, and ML-H-gels as a function of (A) oscillation strain
amplitude (γ0 ) in the range of 10−4 to 1 using oscillation frequency, ω=1 rad/s, (B) oscillation
frequency in the range of 0.1 rad/s to 100 rad/s using strain amplitude, γ0 =10−3 .

For TTS, we have performed the frequency sweep experiments in the temperature range of
22◦ C to Tgel of respective gels with a gap of 22◦ C. We have used γ0 =0.01 and ω= 0.1-10 rad/s
for all frequency sweep experiments. In the TTS technique, the master curve for respective gels
was generated by shifting the y-variables along the ω-axis using a shifting factor, aT . The room
temperature was used as a reference (Tref ) to generate the master curve. Figure 4.3A-C shows the
moduli (G0 , G00 ), and tan(δ) of ML-L-, ML-M- and ML-H-gels against the shifted frequency, aT ω.
A good superimposition was obtained for each gel representing a single relaxation mechanism
[132].
At higher frequency (aT ω ≥ 0.02 rad/s), a plateau in the G0 is observed for all three gels
indicating a frequency-independent regime. With the further decrease in aT ω, a decrease in the G0
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and an increase in the G00 can be observed. At lower aT ω, a crossover of G0 and G00 occurs at a
particular frequency called crossover frequency (ωco ) [158, 119, 106]. At aT ω < ωco , G0 ≤ G00 ,
thus, the gels behave like a viscous liquid. The ωco observed for the ML-L- and ML-M-gels are
2×10−5 s−1 and 5×10−6 s−1 , respectively. However, such a clear crossover was not observed for
ML-H-gel which is expected at further lower frequency. A peak in tan(δ) appears for ML-H-gel
at 1×10−5 s−1 .
The inverse of the crossover frequency can be understood as a strongest bond relaxation time
(τF S ≈ 1/ωco ), therefore, the gel relaxation time increases with an increase in the φ. The τF S
values for ML-L- and ML-M-gels are estimated as 5×104 s and 2×105 s, respectively.
TTS was also attempted to perform using a fixed gap of 40 ◦ C from Tgel of respective gels (not
shown here). To achieve the same, Tref =22 ◦ C was used for ML-L-gel, while for the ML-M- and
ML-L-gels, a Tref of 32 ◦ C and 42 ◦ C, respectively, were used. The TTS estimates a ωco =7×10−5
for ML-M-gel. For ML-L-gel, the peak in tan(δ) shifts to 2×10−3 s−1 .
Further, Figure 4.3A-C insets indicate a good fitting of aT ω with the Arrhenius equation, which
can be expressed as:

Ea
ln(aT ) =
R



1
Tref

1
−
T


(4.1)

Here, Ea is the activation energy and R is the gas constant. Interestingly, the fitting estimates
a similar value of Ea ≈ 190 kJ/mol for all three gels indicating that Ea is independent of φ. Ea
corresponds to the transfer of the endblock from one aggregate to another [77]. Since all three gels
consist of the same polymer, a similar Ea can be expected. Previously, Ea was shown to vary over
a narrow range (≈473-568 kJ/mol) for PMMA-PtBA-PMMA concentration of 4.4% to 12% (w/w)
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Figure 4.3: Time temperature superposition (TTS) for all three gels performed at ω= 1 rad/s and
γ0 =0.01 using the Tref of 22 ◦ C for (A) ML-L-gel, (B) ML-M-gel, (C) ML-H-gel. Inset of graphs
A-C represents the Arrhenius fit (Eq 4.1) of the frequency shifting factors (aT ω) used for TTS.
The corresponding Ea are ≈ (A) 191, (B) 189.5, (C) 190 kJ/mol, respectively.
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in 1-butanol[77]. The Ea values in the present system are significantly less than that observed for
PMMA-PnBA-PMMA in 2-ethyl-1-hexanol or PMMA-PtBA-PMMA in 1-butanol (≈550 kJ/mol),
but is comparable to the gels that consist of PS-PI-PS ((≈210 kJ/mol) and PS-PEB-PS in squalane
(≈220 kJ/mol) [158].

Figure 4.4: Stress relaxation behavior of ML-L-, ML-M-, and ML-H-gels at 22◦ C. The applied
strain was 1%. The data is fitted with Eq. 4.2. The fitted parameters are indicated in Table 4.2.

Although frequency sweep experiments are useful for estimating the relaxation time of gels,
for a heterogeneous polymer network of physically assembled gels, the relaxation behavior can
not be defined by single relaxation time. Previously, relaxation time of gels was shown to follow a
distribution due to their heterogeneous microstructure. Such investigation can be performed using
stress relaxation experiments.
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For stress relaxation experiments, a shear strain (γ0 ) of 0.01 was applied in 0.02 s on the
samples. The samples were allowed to relax for 30 min as no significant change in the moduli was
observed after 30 min . Figure 4.4 shows the shear moduli (G(t)) of respective gels as a function
of time. A decrease in G(t) with an increase in time indicates the stress relaxation behavior of
gels. The ML-L-gel appears to relax faster followed by the ML-M-gel. The equilibrium modulus
(G(t = 30 min)) of the gels increases with an increase in φ. To capture the relaxation behavior,
we have used the stretch exponential model to fit the data [40, 177]. Mathematically, the stretch
exponential function is expressed as:


G(t) = G0 exp −

t
τSR

β !
(4.2)

Here, the G(t) is the time-dependent modulus, G0 represents the zero strain modulus, τSR is
characteristic relaxation time of the gel and β is the stretch exponent that varies from 1 to 0. A
lower value of β indicates a broader distribution in τSR that reflects the heterogeneity in a gel
microstructure[40]. Maxwell fluids that exhibit single relaxation time, β is unity. For fitting, we
fixed the G0 = G0 observed at γ0 = 0.01 and ω=100 rad/s at 22 ◦ C (Figure 4.3A-C). The fitting
was performed in the time range of 0.1 to 1800 s, as the data was noisy for t < 0.01 s. The fitted
parameters corresponding to Eq. 4.2 is indicated in Table 4.2. With an increase in φ, τSR increases.
Also, β is similar for ML-L- and ML-M-gels, however for ML-H-gel, a lower β signifies broader
distribution in the τSR .
The stress relaxation in these gels occurs via. PS-blocks exchange among the aggregates leading to a redistribution of stress[132]. The endblock exchange mechanism involves PS-block pullout from an aggregate and its reattachment to another aggregate. The τSR values for ML-L- and
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Table 4.2: Fitted parameters corresponds to Eq. 4.2 used to fit stress relaxation data in Figure 4.4.
The G0 was fixed to the G0 obtained at ω = 100 rad/s and γ0 =0.01 (Figure 4.3A).
Gel
ML-L-gel
ML-M-gel
ML-H-gel

G0 (kP a)
4.52
8.21
13.59

τSR (s)
3772 ± 173
10554± 389
36731± 2250

β
0.19 ± 0.001
0.20 ± 0.001
0.138 ± 0.001

ML-M-gels are at least an order of magnitude higher than the τF S obtained from frequency sweep
experiments. This is due to the fact that τF S indicates the time-scale at which the gel relaxes completely, however, the τSR corresponds to the time of dissociation of endblocks from aggregates and
their reattachment to another aggregate [132].

4.2.2

Small Angle x-Ray Scattering (SAXS)

To probe into the microstructure of gels at room temperature, we have performed the SAXS
experiments. Figure 4.5A indicates the SAXS data for ML-L-, ML-M-, and ML-H-gels with
mineral oil and background. Here, a circular averaged scattering intensity (I(q)) is plotted against
the scattering vector (q). A featureless I(q) curve can be observed for mineral oil and background
at q > 0.015 Å−1 . For q < 0.015 Å−1 , an increase in the I(q) for all the samples can be noticed
that possibly originates from the scattering volume difference due to the varied sample thickness.
For q > 0.06 Å−1 , I(q) of gels behave similarly as that of mineral oil and background. As a result,
subtracting mineral oil data from gels cancels out the I(q) beyond q > 0.06 Å−1 . Therefore, we
have only used a q range of 0.015 Å−1 ≤ q ≤ 0.06 Å−1 to probe into the gel microstructure.
Figure 4.5B shows the I(q) vs. q data for all gels in the range of 0.015 Å−1 ≤ q ≤ 0.06 Å−1 . At
q ≈ 0.015−0.02 Å−1 , a peak can be observed for all the gels. These peaks probably originate from
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Figure 4.5: Circular average intensity I(q) plotted against scattering vector q for (A) background,
mineral oil, ML-L-gel (φ=0.089), ML-M-gel (φ=0.135), and ML-H-gel (φ=0.181). (B) Circular
average intensity I(q) vs. q for ML-L-gel, ML-M-gel and ML-H-gel in the q range 0.015Å−1 to
0.06Å−1 .

the inter-aggregate scattering. With an increase in φ, this peak shift slight to a higher q indicating
a decrease in inter-aggregate distance. An increase in I(q) can also be noticed with increase in φ
representing an increased density of aggregates. In addition, a smaller peak at q ≈ 0.03 − 0.04 Å−1
can be observed for all three gels probably originating from aggregates. For ML-L- and ML-Mgels, these peaks are at similar q position, however, a very slight shift of this peak can be noticed
for the ML-H-gel.
As indicated in the form of solid lines in Figure 4.5B, a reasonably good fit was obtained
by using a polydispersed core hard-sphere model with Percus-Yevick approximation. According
to this model, the PS aggregates are considered as spherical cores with a Gaussian distribution
(σ) in their radius (r0 ) that leads to a polydispersity of σ/r0 . The hard-spheres are fictitious and
concentric with the cores. Twice of the hard-sphere thickness represents the PI end-to-end distance
in the gel. The corresponding fitted parameters are indicated in Table 4.3.
107

Table 4.3: Parameters obtained from fitting the SAXS data to polydispersed core hard-sphere
model.
Gel
ML-L-gel
ML-M-gel
ML-H-gel

Core radius,
r0 (nm)
7.1
7.2
8.0

Hard-sphere Polydispersity Volume
thickness,s(nm)
(σ/r0 )
fraction(ψ)
11.9
0.29
0.42
10.4
0.19
0.44
8.7
0.24
0.47

Aggregation
number
62
71
76

As can be observed, the core radius of ML-L- and ML-M-gels are same (7.1-7.2 nm), however, the core radius (r0 ) increases to 8 nm for ML-H-gel. Similarly, the aggregation number also
increases with an increase of φ. The hard-sphere thickness (s) decreases with increase in φ, therefore, the ML-L-gel has highest hard-sphere thickness (11.9 nm) followed by ML-M-gel (10.4 nm).
The hard-sphere radius (r0 + s) also decreases with an increase in φ. Similarly, the volume fraction
(ψ) of hard-sphere increases with increase in φ. The polydispersity index does not follow such a
trend and varies between 0.19 and 0.29.
With an increase of φ, the polymer chain density increases. At low φ (ML-L-gel), addition
of more polymer chain increases the aggregate density. As a result, a decrease in the hard-sphere
thickness is observed from ML-L- to ML-M-gel while the core radius remains same. A further
increase in the φ increases the size of aggregates resulting in an increase in core radius. Resultantly, the hard-sphere thickness also decreases with increase in φ which clearly implies that the PI
midblock is relatively more relaxed in ML-H-gel. Further, a sum of hard-sphere thickness and core
radius provides hard-sphere radius (= r0 + s), which decreases with an increase in φ indicating a
relatively compact packing of hard-spheres with an increase in φ. Such behavior also reflects in a
hard-sphere volume fraction (ψ) which is highest for the ML-H-gel and is least for the ML-L-gel.
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Considering the mineral oil as θ-solvent, the PI end-to-end distance (Re ) can be estimated as:
√
Re = b NP I = 21.6 nm, where NP I is number of Kuhn segments (662) and b is the length of a
Kuhn segment (0.84 nm). While the 2s estimates PI length as 23.8, 20.8 and 17.4 nm for ML-L-,
ML-M- and ML-H-gels, respectively. This clearly indicates that the PI-blocks are relatively more
stretched in ML-L-gel and least stretched for ML-H-gel.

4.2.3

Tensile Test

Tensile tests were performed using three different stretch-rates viz. λ̇ = 0.0048, 0.048 and
0.45 s−1 . Note that the λ̇ varies over two orders of magnitude. Figure 4.6A-C shows tensile
test results of ML-L-, ML-M- and ML-H-gels in which nominal stress (σ0 ) is plotted against the
stretch ratio (λ). We have performed 5 experiments for each case and an average with one standard
deviation is reported here. For ML-L-gel and ML-M-gel, the effect of λ̇ is not significant as all
three λ̇-curves overlaps (Figure 4.6A-B). However, for the ML-L-gel (Figure 4.6C), all the three
λ̇-curves are distinct and represent an increase in the modulus with an increase in λ̇. Gel responses
compared for a particular λ̇ indicates that the modulus of gels (dσ/dλ) increases with φ. With
increase in λ̇, stretchability of all three sample increases as the sample failure occurs at higher λ
values.
An average of the maximum stretch (or failure stretch) that a sample can bear is the last datapoint in the σ0 − λ curve. The corresponding failure stress (σf ) and corresponding failure stretch
(λf ) is plotted in Figure 4.6A-C insets and provided in Table 4.4, respectively. For any of gel
sample, λf and σf increases λ̇. An increasing trend of λf and σf can also be observed with an
increase of φ.
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Table 4.4: Failure stress and failure stretch for ML-L-, ML-M, and ML-H-gels obtained from
tensile experiments. The data is plotted in the insets of Figure 4.6A-C.
Gel
ML-L-gel
ML-M-gel
ML-H-gel

λ̇ = 0.48 s−1
λ̇ = 0.048 s−1
λ̇ = 0.0048 s−1
λf (kPa)
σf (kPa)
λf (kPa)
σf (kPa)
λf (kPa)
σf (kPa)
1.66±0.13 3.81± 0.46 1.92±0.08 7.17±0.40 2.60±0.10 10.99±0.73
1.70±0.08 9.02±0.80 2.15±0.09 15.04±1.06 3.07±0.17 28.66±2.81
2.07±0.12 20.71±1.34 2.87±0.16 34.69±2.12 3.60±0.40 54.64±5.40

The modulus of elastomeric gels originates from the density of elastically active chains. An
increase in φ increases the load-bearing chain density, which further increases the modulus of the
gel. Since ML-L- and ML-M-gels do not show a λ̇ dependence, their modulus can be estimated using the neo-Hookean model for uniaxial stretch mathematically expressed as, σ0 = Gc (λ − λ−2 ),
where Gc is shear modulus contributed by the crosslinks. For ML-H-gel, the σ − λ response depends on λ̇. This can be attributed to the presence of midblock entanglements that delay local chain
motion around the entanglement points. At higher λ̇, these entanglements behave like crosslinks,
thus, contribute to the gel modulus. ML-L- and ML-M-gels does not appear to have such midblock
entanglements. Note that, we are assuming that all polymer chains present in the gel participate as
elastically active chains.
Fitting data with neo-Hookean model estimates the Gc ≈ 4.3±1 kPa for ML-L-gel and Gc ≈
8.6±1 kPa for ML-M-gel at all λ̇ values (Table 4.5) investigated here, which is similar to the G0 as
observed from Figure 4.1. For the ML-H-gel, our previous investigation reveals a λ̇ dependence
is due to the PI entanglements [106]. The degree of PI entanglement (ne ) can be estimated for
each gel using, ne = Ne φ4/3 , where Ne (≈ 12.4) is the ratio of PI-block molecular weight to
entanglement molecular weight of the PI in melt (≈ 6.4 kg/mol) [128, 21, 20]. The calculation
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Figure 4.6: Tensile test results for (A) ML-L-gel, (B) ML-M-gel, and (C) ML-H-gel performed at
λ̇ ≈ 0.0048, 0.048 and 0.45 s−1 , respectively. Inset represents fracture stress (σf ) and fracture
stretch (λf ) plotted for all 3 samples. Error bars represent one standard deviation. The data for φ
= 0.089 and 0.135 fits well with the neo-Hookean model while φ data fits with the Slip and Tube
model.

estimates, ne < 1 for ML-L- and ML-M-gel which shows no midblocks entanglements in the
gel. However, ne is ≈ 1.3 for ML-H-gel indicates slightly entangled midblocks[106]. These
entanglements restrict the local motion of the polymer chain. At higher λ̇, these entanglements act
as crosslinks leading to a stretch-rate-dependent modulus (dσ0 /dλ).
The contribution of entanglements in modulus can be estimated using Slip and Tube model, as
shown in our previous work [128, 112, 106]. It can be mathematically expressed as:

σ0 = Gc +

Ge
0.74λ + 0.16λ−1/2 − 0.35



1
λ− 2
λ

(4.3)

The ML-H-gel data was fitted with Eq. 4.3 using Gc = 11.67 kPa that is obtained from plateau
modulus in TTS graph (Figure 4.3C). The fitting estimates Ge as 0.081, 2.77 and 8.76 kPa for
λ̇= 0.0048, 0.048 and 0.45 s−1 (Table 4.5). The emphasize the fact that the contribution from
entanglement increases with increase in λ̇ [106, 107].
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Table 4.5: Fitted moduli values for three gels. Tensile test data of ML-L- and ML-M-gels were
fitted with neo-Hookean model and ML-H-gel gel tensile data was fitted with Eq. 4.3.
Gel
ML-L-gel
ML-M-gel
ML-H-gel

λ̇ = 0.0048 s−1
Gc (kPa) Ge (kPa)
4.3
–
8.6
–
11.67
0.081

λ̇ = 0.048 s−1
Gc (kPa) Ge (kPa)
4.3
–
8.6
–
11.67
2.77

λ̇ = 0.48 s−1
Gc (kPa) Ge (kPa)
4.3
–
8.6
–
11.67
8.76

As observed from the SAXS data that the PI chains in ML-L-gel are stretched in order to
connect the aggregates (Re =21.6 and 2s=23.8) leading to a higher entropic penalty for stretching
the PI chain further. Consequentially, the ML-L-gel shows the lowest and ML-H-gel shows the
highest stretchability before fracture. Further, at high λ̇, the PI chains stretch rapidly and do not
have sufficient time to transfer the stress to PS endblocks in order to pull out from aggregates.
Consequentially, PI chains show lowest λf for ML-L-gel and the stretchability of gels increases
with an increase in φ. For all three gels, a higher λf at higher λ̇ can be attributed to the fast
stretching of PI midblock, due to which a delayed stress transfer to the PS endblock occurs that is
required to pull them out of the aggregates.

4.2.4

Failure of Gels with a Predefined Crack

Fracture experiments were conducted at the room temperature for all three gels. In these experiments, the crack length was measured as a function of time. A second-order polynomial was
fitted from the time when the crack starts to the time when crack begins to propagate unbounded
[106, 107]. The polynomial was differentiated to obtain crack-tip velocity (v). The energy release
rate (Γ0 ) was calculated using the energy stored in the sample at a particular crack length using the
formulation provided in the literature [106, 107]. This stored energy is the elastic strain stored in
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the sample as a result of applied stretch to the sample. More details about the fitting procedure and
data analysis can be found in our previous work[106, 107].
Figure 4.7 represents the energy release rate (Γ) for three experiments plotted as a function of
crack-tip velocity (v) for all three samples. All three samples display a linear Γ − v dependence.
This can be attributed to the viscous-dissipation that occurs due to polymer chain motion in the
solvent [7, 8, 10, 106]. Γ dependence on v becomes steeper with an increase of φ. Critical energy
release rate (Γ0 ) can be obtained as an intercept at Γ-axis by extrapolating the experimental data
points to v = 0. The Γ0 signifies that the effect of viscous dissipation is negligible and the fracture
energy of gels originates from the strength of polymer network. The Γ0 also increases with an
increase of φ.

Figure 4.7: Energy release rate (Γ) as a function of crack-tip velocity (v) for the ML-L-gel
(φ=0.089), ML-M-gel (φ=0.135) and ML-H-gel (φ=0.181). Lines represent the model fit
corresponding to Eq. 4.4. The fitted parameters are shown in Table 4.6.
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The experimental data were fitted with the expression[138, 106]:


 v n 
Γ = Γ0 1 + ∗
v

(4.4)

where v ∗ is the characteristic crack tip velocity and exponent n is a fitting parameter. Due
to a linear relationship between Γ and v for all gels, we have fixed n = 1 for fitting purpose.
The corresponding fitted parameters are provided in Table 4.6. The fitting parameters indicate
that the Γ0 values increase with an increase in φ, however, the v ∗ varies over a narrow range of
0.27-0.38 mm/s and increases very slightly with φ.

Table 4.6: Critical energy release rate (Γ0 ) and characterstic crack-tip velocity (v ∗ ) obtained by
fitting the experimental data with Eq. 4.4 and n = 1.
Gel
ML-L-gel
ML-M-gel
ML-H-gel

Γ0 (J/m2 )
3.1 ± 0.40
19.27 ± 0.43
51.25 ± 1.01

v ∗ (mm/s)
0.27
0.37
0.38

In an investigation performed on acrylic gels in 2-ethyl-1-hexanol, it was reported that the
Γ ∝ v 0.4 [134], however, we observed a linear dependence between Γ and v. Similar to our
case, Γ was found to increase with an increase in φ and a dependence of Γ on v was shown to be
independent of polymer concentration and midblock length [134]. Our observations are similar to
the case of alginate and gelatin hydrogels which shows a linear behavior of Γ − v for all polymer
concentrations at sufficient higher v [10]. Further, we also could not be obtained a concentration
independent master curve of Γ/EhF O − v, as shown for the case of acrylic gels [134].
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Based on the method provided in previous chapters, we can estimate the energy required to pull
out a chain from an aggregate and scale that up to estimate the energy release rate. The enthalpic
and frictional energy penalties depend on the endblock length and entropic penalty depends on the
midblock length. Since all three gels are composed of same polymer, the pullout energies will be
same for all three gels. Thus, the theoretically calculated critical energy release (Γ0,theo ) rate depends only on their respective areal chain densities. The areal chain density (Σ) can be calculated
based on the hard-sphere thickness estimated from the SAXS experiments as, Σ = 1/(2s)2 . We
estimate the Γ0,theo values of 0.075, 0.1 and 0.14 J/m2 for ML-L, ML-M- and ML-H-gels, respectively, which are 2 orders of magnitude lower than that obtained from experiments (Figure 4.7).
Note that our calculations are solely based on the endblock pullout from the aggregates that lies
in the crack front plain and neglects the other mechanisms like poroelastic effect and presence of
cohesive zone. The poroelasticity is shown to increase the critical energy release rate by twice than
that obtained by wetting the crack-tip. [10]. Presence of cohesive zone incorporates many aggregates that are involved in the chain pullout process. Incorporation of both of these mechanisms may
lead to abridge the offset between theoretically estimated energy release and that obtained experimentally. A compelling future study is necessary to incorporate such effects though experiments
and modeling techniques.

4.3

Conclusions
We have demonstrated the effect of polymer volume fraction on the mechanical properties

of three gels that consist of 10, 15 and 20% (w/w) of PS-PI-PS in white mineral oil. The gels
were named as ML-L-gel (10%), ML-M-gel (15%), and ML-H-gel (20%), respectively. The gel
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moduli increase with φ due to an increase in bridging fraction. The gelation temperature also
increases with an increase of φ due to a higher concentration of endblocks. The stress relaxation
time of gels increases with an increase in the φ. For ML-L- and ML-M-gels, a crossover of G0 and
G00 was obtained indicating the time scale at which material starts to behave as a fluid, however,
such a crossover could not be detected for ML-H-gel. The crossover frequency decreases with
an increase in φ. The SAXS data analysis indicates an increase in aggregation number with an
increase of φ. However, the midblocks appears to be relaxed for the gel with higher φ resulting
in a higher stretchability of the gel. The tensile test reveals that ML-H-gel has slightly entangled
midblock that reflects in its stretch-rate dependent moduli. However, ML-L- and ML-M-gels do
not have midblock entanglements, thus, no effect of stretch-rates was observed in tensile test.
All the gels display a higher stretchability with an increase in stretch-rate. Fracture experiments
with a predefined crack reveal that with an increase in φ, the energy release rate (Γ) dependence
of energy release rate becomes steeper due to higher viscous dissipation caused by higher chain
density. Critical energy release rate (Γ0 ) also shows higher values for the gels with higher φ.
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CHAPTER 5
INCREASING VISCOUS DISSIPATION BY ADDING PI HOMOPOLYMER IN A PS-PI-PS
GEL IN MINERAL OIL

5.1

Introduction
Polymeric gels, that consist of ABA triblock copolymer dissolved in a B-selective solvent, have

been investigated intensively for the dependence of their mechanical properties on their microstructure. The microstructure of these gels consist of either spherical micelles of A-blocks connected
by B-blocks at low to medium polymer concentration [132, 176, 106, 107]. At higher polymer
concentration, the spherical micelles aggregate further to form cylindrical structures [92]. The formation of polymer network in these gels governs their gelation behavior [132, 177, 176, 106, 107].
The gelation of these polymer solutions occurs due to the difference in the relative solubility of
the A- and B-blocks as a function of temperature. At higher temperature, both of the blocks are
soluble in the solvent leading to a viscous solution. With a decrease in temperature, the solubility of the A-block in solvent decreases steeply, while the solubility of B-block in solvent
weakly depends on temperature. As a result of which, A-blocks collapse to form aggregates,
which are bridged by the B-blocks swollen in the solvent. The resulting structure is a physically
crosslinked three-dimensional network of polymer swollen in the solvent. An average number
of A-chains that contribute to form aggregates is known as aggregation number. There are two
such kind of systems that were most studied, (1) poly(styrene)-rubber-poly(styrene) [PS-PI-PS]
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in the midblock selective solvents such as mineral oil, tetradecane, and squalane, where rubbery block can be poly(isoprene) [PI], poly(ethylene/butylene) [PEB] or poly(ethylene/propylene)
[PEP], (2) poly(methyl methacrylate)- poly(n-butyl acrylate)- poly(methyl methacrylate) [PMMAPnBA-PMMA] in 2-ethyl-1-hexanol or n-butanol (also known as acrylic gel).
Over the last few decades, these gels have been widely investigated for the dependence of their
mechanical property on their microstructure. At low volume fractions, the polymer forms flowerlike micelles, and thus, the system acts like a viscous solution. Gelation occurs at a sufficiently
higher concentration of the polymer due to the interconnected aggregates by midblocks. At further
higher concentration, the spherical micellar structure transforms into cylindrical aggregates. Gel
microstructure can also be changed by an addition of endblock (A-block) homopolymer which
leads to the formation of bigger aggregates and an increase in gelation temperature [123]. The
effect of adding midblock homopolymer on the mechanical properties of gels is not well explored.
The viscous dissipation in these gels originates mainly due to the drag force offered by solvent
to the motion of polymer chains, which is mostly midblock in our case. The viscous dissipation
increases the fracture toughness of the material, as a result of which the energy release rate of
the material increases with the crack-tip velocity. This is also known as a velocity-toughening
effect [8]. Recently, we have demonstrated that the presence of longer midblock also causes higher
viscous dissipation resulting in an increase in energy release rate, which is defined as the energy
required to create a unit of surface area. Longer midblocks can also form entanglements. Presence
of entanglements restrict the polymer chain motion near the entanglement points and restrict the
crack-tip opening. Such behavior was evident by higher crack-tip blunting for the gel with a higher
degree of midblock entanglements. As a result, energy release rate dependence on the crack-tip
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velocity becomes steeper with an increase in the degree of midblock entanglements. Our previous
studies infer that the viscous dissipation is mainly contributed by the midblocks. In our previous
experimental design, the polymers that were used to prepare gels had a variation in the midblock
molecular weight. We have observed the effect of increased midblock weight due to which the
midblock concentration increases and it also causes the midblocks entanglement. Therefore, it
could not be clearly determined whether a dominating factor for the viscous dissipation is midblock
entanglement or midblock concentration.
In the present study, we have designed the experiments in an attempt to observe the effect of
midblock entanglement and midblock concentration on the mechanical properties of the gel, while
keeping the endblock concentration constant. We have used the PS-PI-PS triblock copolymer dissolved in mineral oil. We have varied the PI concentration by adding the homopolymer PI, which
has approximately half of the molecular than the PI-midblock molecular weight of the triblock
copolymer. The mechanical properties were studied using the rheology, tensile test, and fracture
experiments with a predefined crack. The microstructure of respective gels was investigated using
the small-angle x-ray (SAXS) experiments.

5.2

Experiment Details
Gel samples were prepared using Kraton D1164 polymer (kindly provided by Kraton) in

mineral oil [106]. The number average molecular weight of D1164 was determined as Mn ≈
111.88 kg/mol with a polydispersity index of 1.11 using Agilent GPC. D1164 has 71% PI that
estimates the PI-block molecular weight of Mn,P I =79.44 kg/mol. To prepare the gel samples,
D1164 polymer was added in mineral oil (kindly provided by Sonneborn) at 130 ◦ C. Then, the de119

sired amount of PI homopolymer was added to the mixture. The PI homopolymer has a molecular
weight of Mn ≈ 35 kg/mol. The polymer solution was stirred for 6 hr at 300 rpm at 130 ◦ C. Later,
the solution was placed in the oven at 130 ◦ C for 4 hrs to remove the bubbles and to obtain a clear
solution.

Table 5.1: Gel nomenclature, triblock polymer volume fraction (φ), added PI homopolymer, and
total PI weight based on 1 g of gel.
Gel
GH11
GH21
GH10

φ (v/v)
0.181
0.181
0.181

added PI (g)
0.142
0.142
0.142

total PI (g)
0.284
0.213
0.142

We have prepared three gel samples with a triblock copolymer weight fraction of 0.2, which
corresponds to a volume fraction (φ) of 0.181. The gel without homopolymer is referred to as
GH10. The PI homopolymer was added on the basis of PI weight present in GH10, that is contributed by PI-block of copolymer. The second sample is referred to as GH11, which was prepared
by adding PI homopolymer in the ratio of 1:1 to the PI weight in pristine gel. Here, GH11 indicates PI weight in GH10 (G) to the added homopolymer PI weight (H) in the ratio of 1:1. The
third sample was prepared by adding half of the weight of homopolymer as was present in the
pristine gel. It was referred to as GH21 (PI in GH10 to PI homopolymer weight ratio 1:0.5). For
the clarification, the GH11 has the highest amount of added homopolymer, followed by GH21, and
GH10 has no homopolymer. The GH10 is same gel that was investigated chapter 2 and a ML-gel
in chapter 3. The nomenclature of gels, respective polymer volume fractions and total PI weight
fraction is provided in the Table 5.1.
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On these samples, we have performed rheology, tensile test, and fracture experiments. The
experimental protocols are explained in detail in previous chapters (chapter 2) [106, 107].

5.3 Results and Discussion
5.3.1 Rheology
Figure 5.1 represents the evolution of storage modulus (G0 ) and loss modulus (G00 ) of GH11,
GH21 and GH10 as a function of temperature (T ). At higher temperature (T > 90 ◦ C), the G00 is
higher than the G0 for all three gels indicating a viscous solution. As the temperature was reduced,
an increase in the G0 and G00 occurs indicating the onset of network formation. Further decrease in
the T causes a crossover of G0 and G00 that represents the gelation temperature (Tgel ). Interestingly,
the Tgel values observed for GH11, GH10, and GH21 are of ≈84, 85, and 86 ◦ C, which are very
similar. At T < 40 ◦ C, the G0 for all the gels shows a plateau indicating completion of the network
formation within the gel. A further decrease in the T does not change the gel microstructure. At
room temperature (22 ◦ C), the G00 of all three gels are very similar. For T ≤ Tgel , the G0 for
GH10 is highest, which further decreases with the increase in homopolymer concentration. At
room temperature (22 ◦ C), the G0 values for GH11, GH21 and GH10 are 5.5, 6.8, and 12.7 kPa,
respectively.
The gelation behavior of these gels is similar to that observed for acrylic gels reported before
[132, 134, 135, 41, 42, 65, 177, 176, 106], where PS blocks form the aggregate and PI blocks bridge
those aggregates leading to the formation of a three dimensional structure. Since PI is soluble in
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Figure 5.1: Storage moduli (G0 ), loss moduli(G0 ) for GH11 (• and ◦), GH21 ( and ) and GH10
(N and M) as a function of temperature (T ). Experiments were performed using ω= 1 rad/s and
γ0 =0.01. A cooling rate of 2 ◦ C/min with a soak time of 300 s was used. Error bars ( could be
smaller than symbols) represent one standard deviation.
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the mineral oil at room temperature, the PI homopolymer chains are accommodated in the space
between aggregates. The Flory-Huggins interaction parameter between PS and PI is given by [90],
χP S−P I = −0.522 +

48.8
T (K)

(5.1)

At room temperature (≈295 K), χP S−P I ≈ 0.11 indicating PI is not soluble with PS. Therefore,
PI homopolymers are not expected to be in aggregates. This is further evident by a similar Tgel of
all three gel samples implying that PI-endblocks do not affect the gelation behavior. This observation is in contrast to that reported for the acrylic gels where Tgel was shown to increase with the
midblock concentration [132]. PI homopolymer may introduce a crowded environment in the gel
that impedes the PI-blocks to bridge two aggregates, resulting in a lesser density of load-bearing
chains. This reflects in a lower value in G0 with the addition of homopolymer. The PI-blocks that
can not bridge the aggregate can also form the loops. During the deformation applied to the gel, PI
homopolymer moves with the PI-blocks resulting in a higher drag force offered by the solvent to
the PI-chain motion. A higher fraction of loops and an increased drag force on PI-chains lead to a
higher viscous dissipation in the gel.
Figure 5.2A shows the moduli (G0 and G00 ) of gels as a function of oscillation strain amplitude
(γ0 ). The γ0 was varied from 10−4 -1 using oscillation strain frequency, ω=1 rad/s at room temperature. Over the investigated range of γ0 , the moduli of respective gels do not vary significantly. A
similar weak dependence of ω can also be observed for all three gels over 0.1 ≥ ω ≥ 100 rad/s
(Figure 5.2B).
Figure 5.2B shows the variation in the gel moduli (G0 and G00 ) as a function of oscillation
frequency (ω). No significant change in G0 and G00 was observed within probed range of ω
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Figure 5.2: (A) G0 and G00 for GH11, GH21 and GH10 as a function of (A) oscillation strain
amplitude (γ0 ) in the range of 10−4 to 1 using oscillation frequency, ω=1 rad/s, (B) oscillation
frequency in the range of 0.1 rad/s to 100 rad/s using strain amplitude, γ0 =10−2 .

(0.1 ≤ ω ≤ 100 rad/s). We could not probe for ω ≤ 0.1 due to the lowest torque limit of the
rheometer. A time-temperature superposition technique could be useful to probe the lower frequency in order to obtain strongest bond relaxation time as observed in previous chapters. However, stress relaxation experiments provide more insight into the inhomogeneity in gel microstructure resulting in a distribution in their relaxation time [40, 177]. Therefore, we have used the stress
relaxation experiments to compare the relaxation time behavior of gels.
In stress relaxation experiments, a shear strain (γ0 ) of 0.01 was applied to the samples in 0.02 s.
The samples were then allowed to relax for 30 min. Figure 5.3 shows the shear moduli (G(t)) of
all three gels as a function of time. As no significant change in the G(t) was observed after 30 min,
G(t = 30 min) can be considered as the equilibrium modulus of the gel. Over the observation time
of 30 min, GH11 appears to relax faster followed by the GH21, however, the relaxation process is
slowest for the GH10. The equilibrium moduli also follow the same trend as the initial moduli of
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Figure 5.3: Stress relaxation behavior of GH11, GH21 and GH10 at 22◦ C. The data is fitted with
Eq. 5.2. The fitted parameters are indicated in Table 5.2.
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gels (G(t = 0.1 s)). To capture the relaxation behavior, we have fitted the stress relaxation data
with stretched exponential function [40, 177]. Mathematically, the stretch exponential function
can be expressed as:


G(t) = G0 exp −

t

β !
(5.2)

τSR

Here, the G(t) is the time dependent modulus, G0 represents the zero strain modulus obtained
from the frequency sweep experiments at ω = 100 rad/s (Figure 5.2B), τSR is characteristic relaxation time of gel, and β is stretched exponent that varies from 1 to 0. A value of β close to zero
indicates a broader distribution in τSR . A lower β value represents an increased heterogeneity in
the microstructure [40]. For the Maxwell fluids that display a single relaxation time, β is unity.
For fitting, we fixed the G0 = G0 observed at γ0 = 0.01 and ω = 100 rad/s at 22 ◦ C (Figure 5.2B).
Due to the noisy data for t ≤ 0.1, the fitting was performed in the time range of 0.1 to 1800 s. The
fitted parameters corresponding to Eq. 5.2 is indicated in Table 5.2.

Table 5.2: Parameters obtained from fitting stress relaxation data in Figure 5.3 with Eq. 5.2. The
G0 was fixed to the G0 obtained at ω = 100 rad/s and γ0 =0.01 (Figure 5.2B).
Gel
GH11
GH21
GH10

G0 (kP a)
8.73
9.31
14.36

τSR (s)
317±12.7
1612±80
54118±4750

β
0.07±0.0001
0.08±0.001
0.11±0.001

With an increase in homopolymer concentration, τSR decreases up to 2 order of magnitude
(compare GH10 and GH11) indicating a faster relaxation of stress induced by the homopolymer
motion in the solvent. For GH10, β=0.11, indicating a slightly higher homogeneity. This could be
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a result of the entangled PI chains in gels [106, 107]. The β values for GH21 and GH11 are similar
(0.07 and 0.08) and significantly lower than GH10. This clearly indicates an increased inhomogeneity caused by added PI homopolymer. To probe into the gel microstructure with the addition of
homopolymer, we have performed the small single x-ray scattering (SAXS) experiments presented
in the next section.

5.3.2

Small Angle x-Ray Scattering (SAXS)

Figure 5.4: ircular average intensity I(q) plotted against scattering vector q in the range of
0.015Å−1 to 0.06Å−1 for GH11, GH21, and GH10.

To probe into the microstructure of the gels, we have performed the SAXS experiments at
22 ◦ C. Figure 5.4 indicates the circular averaged intensity (I(q)) plotted as a function of scattering
vector q. As mentioned in the chapter 2 and chapter 3, mineral oil and background data are feature127

less and subtracting those from the gel data nullify the feature q < 0.015 Å−1 and q > 0.06 Å−1 .
Therefore, the I(q) data in the range of 0.015 Å−1 ≤ q ≤ 0.06 Å−1 was used to investigate the gel
microstructure.
As observed from the Figure 5.4, the difference between respective microstructure of gel does
not appear very significant, especially for GH11 and GH21. For all three gels, a peak is observed
at q ≈ 0.02 Å−1 , which is slightly broadened and shifted to low-q for GH11 and GH21. A second
broad peak for all three gel samples occurs at q ≈ 3.5 × 10−2 Å−1 .
The peak at q ≈ 0.02 Å−1 as a result of inter-aggregate scattering [105, 176]. A slight shift of
this peak towards the lower q for the gels with homopolymer (GH11 and GH21) possibly indicates
an increase in the distance between aggregates. A slight suppression of the peak at q ≈ 0.02 Å−1
may indicate a lower density of aggregates for GH11 and GH21 than that of GH10. A slightly
broadened peak for GH11 and GH21 representing the higher distribution in inter-aggregate distance than in GH10. A peak at q ≈ 3.5 × 10−2 Å−1 corresponds to scattering from the aggregates
[176, 106]. No significant variation can be observed in this peak.
A good fitting was obtained for all three gels using a polydispersed core hard-sphere model with
Percus-Yevick approximation, as shown in Figure 5.4. According to this model, the PS aggregates
are considered as spherical cores with a Gaussian distribution (σ) in their radius (r0 ), thus, leading
to a polydispersity of σ/r0 . The hard-spheres are fictitious in nature and are concentric with the
cores. The volume fraction of hard-spheres is represented as ψ. Twice of the hard-sphere thickness
(2s) indicates the PI end-to-end distance in the gel. This model was used previously to capture
the micellar microstructure of physically assembled gels [132, 176, 106, 107]. The corresponding
fitted parameters are indicated in Table 5.3.
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Table 5.3: Parameters obtained from fitting SAXS data of GH11, GH21 and GH10 with
polydispersed core hard-sphere model with Percus-Yevick approximation.
Gel
GH11
GH21
GH10

Core radius,
r0 (nm)
8.1
8.3
8.2

Hard-sphere Polydispersity Volume
thickness,s(nm)
(σ/r0 )
fraction(ψ)
8.5
0.25
0.44
8.6
0.24
0.43
8.5
0.14
0.48

The fitted parameters show similar values for GH11 and GH21. The fitted parameter does
not indicate a significant variation in the core radius and hard-sphere thickness for all three gels.
However, the hard-sphere volume fraction (ψ) decreases from 0.48 (for GH10) to 0.44 (for GH11)
with the addition of homopolymer. This shows a relatively compact packing of hard-spheres in
GH10. Also, there is an increase in polydispersity (σ/r0 ) of GH11 and GH21 in comparison to
GH10. This shows a broader distribution in aggregate radius of GH11 and GH21.
We hypothesized that the presence of PI homopolymer hinders the bridging of aggregates,
therefore, a few of the PI-blocks are unable to bride the aggregates. Note that the PI-block is
sufficiently long to form a loop and the inter-aggregate distance is adequate to accommodate the
loops formed by PI-blocks. There is a probability that one of the endblock lies in the solvent
while another endblock is attached to the aggregate- known as dangling chain [158]. Since the
dangling chains are less energetically favorable over the loop formation, therefore, a loop formation
by midblock is expected over the dangling chains. Loop formation can introduce an increased
polydispersity index for GH11 and GH21. Recall that, such evidence of higher inhomogeneity
in the GH11 and GH21 microstructure was also observed from the β values in stress relaxation
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experiments. A higher polydispersity can also cause a relatively loose packing of hard-spheres,
which reflects in the decreased ψ values of GH11 and GH21 in comparison to GH10.

5.3.3

Tensile Test

Tensile tests were performed using three different stretch rates, λ̇ = 0.0048, 0.048 and 0.48 s−1
that varies by two orders of magnitude. Figure 5.5A-C shows tensile test results of GH11, GH21,
and GH10, where nominal stress (σ0 ) is plotted against the stretch ratio (λ). We have performed
5 experiments for each case and an average with one standard deviation is reported here. For
GH11 and GH21, the effect of λ̇ is not significant, as all three σ0 − λ curves at different λ̇ overlap
(Figure 5.5A-B). However for the GH10 (Figure 5.5C), all the three λ̇-curves are distinct and
represent an increase in the modulus (dσ0 /dλ) with increase in λ̇. The mechanical response of the
gels were also compared for each λ̇ in Figure C.1.
The insets in these graphs show the average stretch at which the failure of gel occurs (λf )
and corresponding failure stress (σf ). The λf can be understood as a maximum stretchability of
the respective gels. A comparison of σf and λf for all three gels are provided in Figure 5.6 and
Table 5.4 indicates the λf and σf values for each gel at different λ̇. With an increase of λ̇, all the
samples show a higher stretchability. The λf for GH11 and GH21 at λ̇=0.0048 and 0.048 s−1 are
similar, and are lower than the GH10, however, for λ̇=0.48 s−1 , the GH11 stretchability is slightly
higher. The σf is always higher for the GH10 and decreases with increase in the homopolymer
concentration.
Similar to as observed in Figure 5.1, homopolymer addition hinders bridge formation by the
PI midblocks leading to a decrease in the modulus. Therefore, for each λ̇, the GH10 has higher
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Figure 5.5: Tensile test results for (A) GH11, (B) GH21, and (C) GH10 performed at λ̇ ≈ 0.0048,
0.048 and 0.48 s−1 , respectively. Inset represents failure stress (σf ) and failure stretch (λf ) plotted
for all three samples. Error bars represent one standard deviation. The lines represent the model
fit.

Table 5.4: Failure stress and failure stretch for GH11, GH21, and GH10-gel obtained from tensile
experiments. The data is plotted in the insets of Figure 4.6A-C.
Gel
GH11
GH21
GH10

λ̇ = 0.0048 s−1
λf (kPa)
σf (kPa)
1.96±0.08 11.72± 0.43
1.93±0.09 14.35±1.21
2.07±0.12 20.71±1.34

λ̇ = 0.048 s−1
λf (kPa)
σf (kPa)
2.63±0.22 19.09±1.17
2.66±0.16 24.86±1.52
2.87±0.16 34.69±2.12
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λ̇ = 0.48 s−1
λf (kPa)
σf (kPa)
4.10±0.39 35.14±2.56
3.64±0.14 39.49±0.66
3.60±0.40 54.64±5.40

Figure 5.6: Failure stress (σf ) and failure stretch (λf ) obtained from the tensile test experiments
for the GH11, GH21, and GH10 performed at stretch rate, λ̇ = 0.0048, 0.048, and 0.48 s−1 ,
respectively. Error bars represent one standard deviation.

modulus followed by GH21. Due to a higher inhomogeneity in the microstructure of GH11, few
endblocks pullout event occurs even at lower λ leading to a crack initiation. Therefore, the GH11
fails at relatively lower λ value and GH10 displays highest λf at λ̇= 0.0048 and 0.048 s−1 . Further,
at higher λ̇, the PI chains are stretched faster that does not offer sufficient time for the stress transfer
to PS endblocks in order to pull them out of the aggregates. Therefore, a higher λf is observed for
higher values of λ̇ for all three gels. Presence of homopolymer also hinders the PI-block stretching,
therefore, a similar value of λf was obtained for all three gels at λ̇= 0.48 s−1 . The λ̇ dependence
of GH10 modulus can be attributed to the presence of PI entanglements that act as crosslinks,
especially at higher λ̇, leading to an increase in modulus [21, 20, 106, 107].
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Since GH11 and GH21 do not show a λ̇ dependence, their modulus can be estimated using the neo-Hookean model for a uniaxial stretch, which is mathematically expressed as, σ0 =
Gc (λ − λ−2 ), where Gc is shear modulus contributed by the crosslinks.

Table 5.5: Parameters obtained from fitting tensile test results in Figure 5.5 with neo-Hookean
model and Slip and Tube model (Eq. 5.3).
Gel
GH11
GH21
GH10

λ̇ = 0.0048 s−1
Gc (kPa) Ge (kPa)
7.23
–
9.06
–
11.67
0.081

λ̇ = 0.048 s−1
Gc (kPa) Ge (kPa)
7.9
–
9.96
–
11.67
2.77

λ̇ = 0.48 s−1
Gc (kPa) Ge (kPa)
8.4
–
10.86
–
11.67
8.76

The corresponding fittings are is shown in Figure 5.5A-B. Fitting the data with neo-Hookean
model estimates the Gc ≈ 7.23±1 kPa for GH11 and Gc ≈ 9.06±1 kPa for GH21 at all λ̇ values investigated here. These values are similar to the G0 values as observed from Figure 5.2A at
ω=100 rad/s (see Table 5.2). For the GH10, our previous investigation reveals that a λ̇ dependence of modulus is due to the PI entanglements [106] as discussed in previous chapters. The
contribution of entanglements in modulus can be estimated using Slip and Tube model that can be
mathematically expressed as [128, 112, 106]:

σ0 = Gc +

Ge
0.74λ + 0.16λ−1/2 − 0.35



1
λ− 2
λ

(5.3)

The fitting of GH10 data indicates that modulus contribution from the entanglement increases
with an increase in λ̇ as discussed in Chapter 2. Interestingly, the presence of homopolymer interferes with the midblock entanglements, as a result of which, GH11 and GH21 do not show such a
λ̇ dependent modulus.
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5.3.4

Failure of Gels with a Predefined Crack

Figure 5.7: Energy release rate (Γ) as a function of crack-tp velocity (v) for GH11, GH21 and
GH10 (in markers). The lines represent model fitted with Eq. 5.4. The corresponding fitted
parameters are shown in Table 5.6.

During the fracture experiments, the samples were stretched and images were taken while the
crack-tip propagates. The crack length was measured by an image processing program. A secondorder polynomial was fitted to the crack length as a function of time. The range of time used for
fitting was the time when the crack-tip starts to propagate to the time when the crack-tip begins to
propagate unbounded. An unbounded growth of the crack was marked by a decrease in the force
[106, 107]. The polynomial was further differentiated to obtain crack-tip velocity (v). The energy
release rate (Γ) was calculated on the basis of elastic energy stored in the sample at a particular
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crack length [134, 106]. More details about the fitting procedure and data analysis can be found in
chapter 2 and 3 [106, 107].
Figure 5.7 represents the energy release rate (Γ) of GH11, GH21, and GH10 as a function of
crack-tip velocity (v) for 3 experiments. All three samples display a linear dependence of Γ on
v. This can be attributed to the viscous dissipation that originates from the polymer motion in the
solvent during crack-tip propagation [7, 8, 10, 106, 107] With the addition of homopolymer, the
dependence of Γ on v becomes weaker, as a result, the slope of GH21 becomes less in comparison
to GH10. This can be attributed to the non-entangled PI-blocks in GH21 (as shown in tensile experiments) leading to a reduction in viscous dissipation contribution from the entangled PI chains.
Although, the presence of PI homopolymer also increases the viscous dissipation as shown by the
higher crack-tip blunting but it appears that the contribution is less than PI entanglements. Figure 5.8B-C shows the crack-tip blunting of GH21 and GH10 at approximately the same λ value.
Note, that with addition of homopolymer, the PI concentration also increases, which increases the
viscous dissipation. Therefore, it can be argued that the PI concentration causes a higher viscous
dissipation than the PI entanglements in gel, however, presence of PI entanglements increase the Γ
by acting as crosslinks. Further addition of PI homopolymer again increases the viscous dissipation
and the Γ shows similar behavior for GH11 and GH10.
We have observed the effect of inhomogeneity during the crack propagation in GH11. The
crack-tip in GH10 and GH21 propagates smoothly, however, in the case of GH11 several bifurcations of crack-front and fibril formations were noticed (see Figure 5.8A). Such crack bifurcations were previously observed for natural rubbers. However, such crack bifurcation behavior is
gels is uncommon. Recently, such a behavior is shown for the gel consist of PNIPAm/PDMA
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Figure 5.8: Images of fracture experiments performed on (A) GH11, (B) GH21, and (C) GH10
showing the crack-tip blunting at the respective stretch values (λ) after which the crack starts to
propagate unbounded.

(poly(N -isopropylacrylamide)/poly( N,N -dimethylacrylamide) gels in which NIPAm was chemically crosslinked while PDMA chains were free [59], analogous to homopolymer PI in our case.
This crack bifurcation was attributed to the excellent resistance to crack growth as deflection of the
crack-tip to open a new crack-front is is an energy intensive process. Also, it delays catastrophic
failure of the material. This is due to the inhomogeneity in GH11 microstructure that causes the
endblock pullout even at lower stress values leading to the secondary crack formation in the vicinity of crack-front. The fibril formation was also noticed for the LL-gel in chapter 3, which was
attributed to the high viscous dissipation offered by higher degree of entanglements.
Extrapolation of Γ to v = 0 estimates the critical energy release rate (Γ0 ), which signifies that
the fracture energy only originates from the polymer network and viscous dissipation is negligible.
The experimental data were fitted with the expression [138, 106]:


 v n 
Γ = Γ0 1 + ∗
v
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(5.4)

where v ∗ is the characteristic crack-tip velocity and exponent n determines the shape of the
curve. Due to a clear Γ − v linear relation, as seen in Figure 5.7, we have fixed n = 1 for fitting.
The corresponding fitted parameters are provided in Table 5.6. The fitted parameters indicate
although a similar order of Γ0 for all three gels indicating that the Γ0 does not strongly depends
of the homopolymer concentration, however, the trend of the slight variation in Γ0 is same as
observed for the Γ. Further, it also signifies that at low v, the effect of PI entanglement is negligible.
Interestingly, the v ∗ also does not show any significant change upon addition of homopolymer
indicating that the v ∗ is solely dependent on midblock length. In previous work, we have observed
that v ∗ decreased with the increase in midblock length. In chapter 4, we have observed that the v ∗
does not change significantly when the polymer volume fraction was increased.

Table 5.6: Fitted parameters for pure shear failure experiment results using Eq 5.4 and n = 1.
Gel
GH11
GH21
GH10

Γ0 (J/m2 )
40.3 ± 0.67
34.99 ± 1.62
51.25 ± 1.01

v ∗ (mm/s)
0.32
0.44
0.38

Fracture analysis of these gels indicates that the addition of homopolymer inhibits the midblock
entanglements. In other terms, the decrease in Γ from GH10 to GH21 is due to non-entangled
PI midblocks. This supports our previous hypothesis that the crack-tip blunting is dominated
by midblock concentration. Further addition of homopolymer increases the viscous dissipation
significantly due to the motion of free homopolymer, which is dragged with PI midblocks. We
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believe that this study is helpful in improving the fracture properties of physically assembled gels
without significantly altering the microstructure and gel modulus.

5.4

Conclusions
Three gels composed of PS-PI-PS in mineral oil were compared for their mechanical properties.

The first gel was pristine (GH10). The second gel was added with PI homopolymer equal to
half of the weight of PI in the gel (GH21). The homopolymer has molecular weight half of the
PI midblock. The third sample consists of the same weight of homopolymer as it was present
in the gel (GH11). The homopolymer addition leads to a slight decrease in the modulus while
the microstructure does not change significantly. The gels with added homopolymer show quick
stress relaxation times due to the stress dissipation caused by homopolymer movement along with
the midblock PI motion. This can be compared with LV-gel in chapter 4 that consisted of 10%
(w/w) of D1164 polymer. With the modulus of 2.9 kPa, it has a relaxation time of 3772 s. GH11
has an advantage over the LV-gel as with a little less modulus than GH10, it has 2 orders less
magnitude of relaxation time (Table 4.2). Adding homopolymer can also prevents the entanglement
of midblocks leading to a stretch-rate independent modulus. However, the sample stretchability
does not change significantly upon addition of homopolymer. The fracture experiments show a
linear relationship between energy release rate and crack-tip velocity. The energy release rate
dependence on the crack-tip velocity decreases with the addition of homopolymer due to its ability
to prevent the midblock entanglement. Further addition of homopolymer increases the viscous
dissipation and dependence of energy release rate on crack-tip velocity. As a result of which,

138

a crack-tip blunting increases with homopolymer addition while the energy release rate is more
affected by PI entanglements.
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CHAPTER 6
EFFECT OF THE TEMPERATURE ON THE MICROSTRUCTURE OF A PHYSICALLY
ASSEMBLED GEL

6.1

Introduction
The elastic moduli of these self-assembled gels originate from the density of elastically active

chains. The behavior os physically assembled gels depend on their microstructure. A common
example of a physically assembled gel is ABA-type triblock copolymer dissolved in a B-selective
solvent. The gelation of these polymer solutions occurs due to the difference in the relative solubility of the A- and B-blocks as a function of temperature. At higher temperature, both of the blocks
are soluble in the solvent leading to a viscous solution. With a decrease in temperature, the solubility of the A-block in solvent decreases steeply, while the solubility of B-block in solvent weakly
depends on temperature. As a result of which, a few of A-blocks collapse to form aggregates,
which are bridged by the B-blocks swollen in the solvent. The resulting structure is a physically
crosslinked three-dimensional network of polymer swollen in the solvent. The microstructure in
these gels changes with respect to temperature.
Two types of physically assembled gels are investigated widely in literature, (1) poly(styrene)rubber-poly(styrene) [PS-PI-PS] in the midblock selective solvents such as mineral oil, tetradecane,
and squalane, where rubbery block can be poly(isoprene) [PI], poly(ethylene/butylene) [PEB] or
poly(ethylene/propylene) [PEP], (2) poly(methyl methacrylate)- poly(n-butyl acrylate)- poly(methyl
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methacrylate) [PMMA-PnBA-PMMA] in 2-ethyl-1-hexanol or n-butanol (also known as acrylic
gel). The microstructure in these gels changes
At low strain values, change in the microstructure is not significant. However, when the gel is
subjected to large deformation, a change in the microstructure occurs leading to a change in the
gel mechanical response. Several attempts have been made previously to observe the change in
the microstructure. For a gel consisted of PS-PEB-PS in oil, a change in the microstructure was
observed as a function of applied oscillatory strain amplitude [84]. Another study reported for the
gels consists of PS–PEB–PS, and PS–PEP–PS in oil that large uniaxial elongation can distort the
morphology and size of the aggregates [110]. The evolution of structure and rheological properties
of the telechelic polymers subjected to shear flow have been investigated using hybrid molecular
dynamics, Monte Carlo simulations [169, 12]. A change in the size and number of aggregates was
reported with applied frequency and strain [169, 12].
Thermoreversible gels consisting of PMMA–PnBA–PMMA in mid-block selective solvents
display interesting mechanical properties, such as strain-stiffening behavior. However, the evolution of structure at different length scales over a wide range of temperature and the effect of these
structural change on the mechanical properties have not been thoroughly investigated. Here, we
capture the structural changes in the gel subjected to a strain. We have used two mid-block selective solvents, 2-ethyl-1-hexanol and n-butanol. For the triblock polymer, PMMA–PnBA–PMMA,
the molecular weight of PMMA was 9,000 g/mol, whereas the molecular weight of PnBA was
53,000 g/mol. As the average entanglement molecular weight of PnBA is about 22 kg/mol, we do
not expect a significant entanglement in our system.
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6.2

Experiments
The triblock copolymer, PMMA–PnBA–PMMA (kindly provided by Kuraray America Inc.)

was dissolved at 80 ◦ C, either in 2-ethyl-1-hexanol or n-butanol, mid-block selective solvents.
Upon cooling, the polymer solutions form gels. The polydispersity of the triblock copolymer is in
the range of 1.2–1.4. The gels were prepared using the polymer volume fractions of 10%.

Figure 6.1: Schematic of the rheo-SANS experimental setup with principal axes: flow direction
(ν) , gradient direction (Oν) and vorticity direction (ν × Oν).

Rheo-SANS measurements were performed at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR), in Gaithersburg, MD, on the NGB30 SANS
beamline. The samples were investigated using the incident neutron wavelength of 6 Å−1 for two
sample-to-detector distances of 1.865 m and 6.035 m, respectively, and 8.4 Å−1 for the sample-to142

detector distance of 13.705 m. The neutron wavelength spread (4λ/λ) was 0.138. The collected
scattering data were reduced to absolute scale (cm−1 ) by subtracting the background, empty cell
scattering, and sample transmission.49
Figure 6.1 displays a schematic of the Rheo-SANS experimental setup. Similar to the other
rheological experiments, samples were loaded at 80 ◦ C into a cup-bob geometry made of titanium
with a gap of 1 mm. The setup is equipped with a solvent trap. During the experiments, the bob
was oscillated at the frequency of ω= 1 rad/s. Scattering from the sample was collected over the
q-range of 0.001 Å−1 to 0.4 Å−1 . As displayed in Figure 6.1, the neutron beam is along the Oν,i.e.,
in the 2 direction, and the scattering data for the sample was obtained for (ν, ν × Ov) ,i.e., the
(1×3) plane.
Standard data acquisition and reduction procedures were followed as provided by the NCNR
data reduction manual, and the data was fitted using Igor Pro and custom NCNR macros [86].
A disordered hard-sphere model was also implemented in Igor Pro [105]. The SANS data were
collected using all three sample-to-detector distances at 65 ◦ C, 50 ◦ C, 30 ◦ C, 10 ◦ C, 0 ◦ C and 10 ◦ C, respectively. In addition, strain ramp experiments were performed over the strain-amplitude
of 0% to 200% at two different temperatures, 10 ◦ C and -10 ◦ C. To remove the strain history, the
sample was heated to 80 ◦ C, before individual experiments.

6.3

Results and Discussion
The effect of temperature on the structural evolution of the sample was investigated using

small-angle neutron scattering (SANS). To increase the contrast in scattering experiments, deuterated n-butanol (n-butanol-d10) was used as the solvent. Figure 6.2 summarizes the circularly aver143

aged scattering intensity, I(q), as a function of the scattering vector, q, for five different temperatures 65 ◦ C, 50 ◦ C, 30 ◦ C, 10 ◦ C, 0 ◦ C, and -10 ◦ C, respectively. At high temperature, i.e., at 65 ◦ C
and 50 ◦ C, the intensity profiles display a plateau at lower-q values followed by decay with increasing q. This represents the behavior of solvated polymer chains without any long-range structure
[19]. However, as the temperature was decreased to 30 ◦ C, a peak at q ≈0.02 Å−1 was observed.
With the decrease in temperature, this peak broadened at 10 ◦ C and mostly disappeared at -10 ◦ C.
The scattering profile also displayed an increase in intensity at low-q range (<0.01 Å−1 ) with the
decrease in temperature. At 0 ◦ C and -10 ◦ C, the intensity became flat at q-range<0.004 Å−1 .
The scattering profiles for q >0.05 Å−1 were similar for all temperatures. While our results have
some similarities to that found for other self-assembled triblock polymer gels, particularly, the appearance of a well-formed peak, note that most of the prior data was collected over limited q or
temperature ranges [85, 114, 132].
The well-formed peak at q≈0.02 Å−1 for the 30 ◦ C and 10 ◦ C represents the inter-aggregate
interactions, i.e., the Bragg peak. Figure 6.3 displays the structural representation for these gels
below the gelation temperature, showing collapsed PMMA end-blocks as the spherical aggregates
(radius, r0 ) surrounded by fictitious empty shells with the thickness of s, (= R − r0 ), i.e., having
a hard-sphere radius of R [132]. The hard-sphere volume fraction is η, and the average center-tocenter distance, D, between the aggregates is given by (4πR3 /3η)1/3 .
A combination of disordered hard-sphere model with Percus-Yevick approximation [105, 47,
132], and polymer excluded volume model [60] has been used to fit the scattering data for 10 ◦ C
and 30 ◦ C for the q-range of 0.01 Å−1 -0.3 Å−1 . The model is represented as [60, 105]:
I(q) = scale1 ×

(ρcore − ρsolvent )2
hP1 (q)iS(q) + scale2 × P2 (q) + bkg
V
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(6.1)

Figure 6.2: (A) Small angle neutron scattering (SANS) results for a 10% gel in n-butanol-d10.
The experimental SANS profiles (open symbols) are displayed for the temperatures of 65 ◦ C,
50 ◦ C, 30 ◦ C, 10 ◦ C, 0 ◦ C, and -10 ◦ C. The solid lines are the model fits based on hard-sphere
model and polymer excluded volume model. (B) Fitting for individual temperatures, at 30 ◦ C and
10 ◦ C. Porod slopes are obtained at intermediate-q range of 0.006-0.02 Å−1 and high-q range
0.1-0.3 Å−1 .
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Figure 6.3: An illustration of the gel structure below the gelation temperature considering a
hard-sphere model. The PMMA aggregates have radius, r0 , and are surrounded by the
hard-sphere of radius, R and thickness s.

A complete description of the model is provided in Section D.2. Here, ρcore and ρsolvent represent the scattering length density (SLD) of PMMA and n-butanol-d10, as 1×10−6 Å−2 and
6.5×10−6 Å−2 , respectively. P1 (q) and P2 (q) are the form factors, representing the scattering
from the polydispersed spherical aggregates and from the polymer chains in solvents, respectively
[60]. The aggregate radius distribution is represented by a Gaussian function with polydispersity
equal to σ/r0 , where σ is the standard deviation in aggregate radius [132, 105]. S(q) is the structure
factor and represents the inter-aggregate scattering. Excluded volume model provides information
about the radius of gyration, Rg , of the PnBA chains and their thermodynamic state by the corresponding Porod exponent. The models are discussed in details in Supplementary Information. The
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fitted parameters, r0 , R, η, Rg , and α are presented in Table 1 and the data fittings are shown in
Figure 6.2A-B. The aggregate radius (r0 ) is ≈9 nm. The fitted parameters did not change significantly with the decrease in temperature from 30 ◦ C to 10 ◦ C. The solvent contribution has not been
subtracted from the scattering data.

Table 6.1: Fitted parameters of aggregate radius (r0 ), shell thickness (s), hard-sphere volume
fraction (η), polydispersity (σ/r0 ), radius of gyration (Rg ), and Porod exponent (α) obtained from
fitting using Eq. 6.1.
Temperature (◦ C)
30
10

r0 (nm)
9.3
9.5

s (nm)
5.2
5.7

η
0.28
0.34

σ/r0
0.23
0.3

Rg
10
8

α
1.67
1.61

The minimum distance between two aggregates, i.e., 2s, is expected to be on the same order of
the end-to-end distance, Re , of a non-connected PnBA chain. Considering PnBA chains as freely
jointed chains, the mean-square end-to-end distance can be obtained as hRe2 i = C∞ nl2 [128]. Here,
is Flory’s characteristic ratio (= 9.1) [1], n is the number of bonds (≈828 for the present case), and l
is the C-C bond length (0.154 nm). We estimate hRei ≈13.26 nm, which is close to the fitted value
of 10.4 nm for 2s. As the temperature decreases from 30 ◦ C to 10 ◦ C, the polydispersity in PMMA
aggregates increases slightly. The polydispersity in either size of the aggregates or their respective
distance led to the broadening of the peak at q≈0.02 Å−1 [57]. To investigate further, the slopes of
the intensity plots at two q-ranges, 0.006 Å−1 -0.02 Å−1 and 0.1 Å−1 -0.3 Å−1 , were estimated and
can be related to the Porod’s law, I(q) ∼ q −α . At high-q range, we found, α is approximately 5/3
(slope of the intensity plots), which has also been obtained by fitting the excluded volume models
for 10 ◦ C and 30 ◦ C. The Porod exponent of 5/3 is related to the scattering from the swollen chains
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[61]. At 50 ◦ C and 65 ◦ C, above the gelation temperature, the scattering from PMMA and PnBA
chains have been captured. Whereas, below 50 ◦ C, the scattering mainly arises from the PnBA
chains.
The upturn in intensity at the low-q range indicates the presence of larger structures. With
decreasing temperature, the formation of such large structure becomes evident from the appearance
of a clear plateau. The formation of large structure (cluster) is likely caused by the macro-phase
separation of the sample, evidence of which can be observed in an increase in sample turbidity.
The Porod exponent, α, provides insight into the fractal structure of these structures [74, 63]. We
have obtained α in between 3 and 4 for the q-range of 0.006 Å−1 -0.02 Å−1 at -10 ◦ C, indicating
somewhat rough fractal surface of the clusters [74].

Figure 6.4: SAXS results for a 10% gel in 2-ethyl-1-hexanol. The open symbols represent the
experimental data, whereas the line is the model fit.
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For further investigation of gel structure, we have performed a SAXS experiment on a 10%
gel in 2-ethyl-1-hexanol at room temperature. Figure 6.4 displays the results over the q-range of
0.001 Å−1 to 3 Å−1 . The maximum accessible q of 3 Å−1 is much higher than that captured in
SANS. The scattering profile for the q-range of 0.01 Å−1 to 0.3 Å−1 is similar to that observed from
SANS data. Intensity profile over that range has been fitted with the disordered hard-sphere model,
similar to that performed on the neutron scattering data. Here, the solvent contribution has not been
subtracted from the scattering data. The fitted parameters are indicated in Table 6.2. The fitting
yields r0 of 7±0.006 nm with polydispersity of 0.2, s of 7.4±0.018 nm and η of 0.42±0.00004.
Also, a D of ≈35 nm was found and is similar to that reported in the literature [132]. r0 is smaller
and η is higher than that in the butanol sample. It is likely that the smaller aggregate size resulted
in a higher number of aggregates and hard-spheres per unit volume.

Table 6.2: Fitted parameters of aggregate radius (r0 ), shell thickness (s), hard-sphere volume
fraction (η), and polydispersity (σ/r0 ) obtained from fitting using Eq. 6.1 on SAXS data shown in
Figure 6.4.
Temperature (◦ C)
22

r0 (nm)
7.03

s (nm)
7.43

η
0.43

σ/r0
0.20

Two additional peaks were observed at q values of, ≈0.52 Å−1 and ≈1.37 Å−1 , respectively.
The formation of these peaks is most likely due to the supramolecular structure of the solvent. The
structural investigation of alcohols with various molecular weights has been reported in literature
obtained from using SAXS and Monte Carlo simulations [152]. Two peaks at the q values of
≈0.5 Å−1 and ≈1.5 Å−1 have been reported, similar to our results. These peaks have been related
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to the local assembly of alcohols because of intermolecular interactions. Although, the peaks at
the higher-q has been attributed to the local-ordering of alcohol molecules, ordering of PMMA
segments in the aggregates with most of the solvent expelled can display a peak in that scattering
range. In fact, for bulk PMMA samples, the peaks over the q-range of ≈0.3 Å−1 - 2 Å−1 have been
reported in PMMA samples with different level of tacticity [28, 170].
The effect of shear-strain on the microstructure of the gel was studied at 10 ◦ C. Here, the sample
was subjected to step-strain with increasing magnitude (Figure D.1). For every step, the data
collection time was either 300 s (for 1.865 m and 6.035 m sample-to-detector distances) or 500 s
(for 13.705 m sample-to-detector distance) and during this time the strain value was maintained
constant. These data collection times were selected to obtain sufficient scattering intensity for the
subsequent data analysis. As shown in Figure D.1, stress increased with strain, up to a strain of
200%, indicating no macroscopic fracture of the sample. The two-dimensional scattering plots that
have been collected at the 6.035 m sample-to-detector distance have been presented in Figure D.2.
To capture the possible strain-induced alignment of the samples, instead of a circular average of
intensity, we obtained 10◦ sector average along vertical and horizontal directions (Figure D.2). The
corresponding intensity plots for the 1%, 110%, and 200% strain are shown in Figure D.3.
As shown in Figure D.3, with the application of strain, the change of scattering profiles is not
significant. There is a small downward trend observed in intensity in the horizontal sector (v or
1 direction) at the q-range of 0.008 Å−1 - 0.01 Å−1 , with increasing strain. However, the peak
position at q ≈0.02 Å−1 has not changed. These changes have been associated with the change of
network structure with strain.
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With the application of strain, it is expected that the network, mostly the bridging blocks between the aggregates, will be stretched in the v-direction (principal stretch direction). This will
cause the shifting of peak position at q ≈0.02 Å−1 . In some instances, some of the aggregates
can break in forming smaller aggregates [169, 12]. In addition, during the data collection step,
the sample can relax (through chain exchange) and as a result, no significant differences in timeaveraged scattering profiles would be observed. Although the relaxation time for these samples
is long [151, 177], stretched-exponential function has been fitted with the stress-relaxation data
indicating a distribution of relaxation time. Also, the effect of strain on the structure is expected to
be more pronounced in the (1×2) plane, rather than the (1×3) plane presented here [167]. Results
from the (1×2) plane will be presented in a future study.
Based on the rheology, thermal, and scattering data over the wide temperature range we have
investigated, structure formation in these self-assembled gels can be hypothesized. At high temperature, the polymer chains are soluble in the solvent. With the decrease in temperature, the PMMA
end-blocks associate to form aggregates and a gel-like structure is observed with G0 larger than
G00 . Also, the PMMA aggregates exclude most of the solvent and this resulted in manifestation of
a glass transition temperature. However, the gel is not homogeneous as observed by the increase
of intensity in low-q range. With further decrease in temperature, the end-blocks continue to reduce interactions with the solvent, resulting in coalescence of the PMMA aggregates. However,
the PnBA chains remain soluble in the solvent as the solubility of the PnBA chains did not change
significantly with temperature. As a result, a complete phase separation (polymer phase and solvent phase) resulting in sedimentation was not observed. Rather, a percolated cluster structure is
formed with the regions consisting of polymer-rich and polymer-poor phases. The polymer-rich
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phase has a characteristic length scale on the order of µm and the presence of such structure causes
the turbidity of the sample. Also, the percolated cluster structure led to increase in mechanical
properties of these gels.

6.4

Conclusions
Small angle neutron scattering data captures the structure formation from a liquid state to a gel

to a percolated state. A polydispersed core hard-sphere model with Percus-Yevick approximation
was used to capture the gel microstructure. Excluded volume model was added to capture the
solvated PnBA chains in butanol. The model fits well the SANS data at 30 ◦ C and 10 ◦ C, and the
fitted results provide a good understanding of the gel structure. A similar parameters were obtained
from fitting the SAXS data. The increase in intensity at low-q range provides an evidence of cluster
formation at low temperature range. Our SANS experiments evident the change in gel microstructure occurs upon deformation. Further experiments are necessary for a deeper understanding of
deformation induced change in the microstructure.
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CHAPTER 7
EFFECT OF SURFACE TENSION AND GEOMETRY ON CAVITATION IN SOFT SOLIDS

7.1

Introduction
If a defect or cavity present in a soft elastomeric media is subjected to internal pressure, the

cavity can grow unbounded beyond a critical pressure [54, 55, 53, 70]. This can lead to failure
of the material through breaking of the covalent bonds or dissociation of the secondary bonds.
Cavity growth or cavitation phenomena, particularly for chemically crosslinked rubber networks,
has been investigated over the last few decades [54, 55, 53, 70]. The underlying physics related
to the cavitation phenomena is fairly complex and is less understood, particularly, (i) if a material
is swollen with a solvent, such as in hydrogels, (ii) if a material’s mechanical properties vary
spatially, such as in tissues, and (iii) if a material’s mechanical properties result from structure
formation through secondary bonding, such as in physically-assembled gels [128, 4, 182, 87, 134,
181, 33, 35, 25, 65, 177, 176].
For crosslinked rubber networks, a hyperelastic neo-Hookean model has been used to capture
the growth of a cavity as a result of applied internal pressure [54, 55, 53, 70, 153]. Such a treatment
predicts that the pressure asymptotically reaches a critical value (Pc ) of 5E/6, where, E is the
Young’s modulus of the material [54, 53]. However, experimental investigations indicate that the
critical pressure can be much higher than that predicted by the neo-Hookean model [53].
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Cavitation is also observed in other soft solids such as in swollen gels [182, 87, 181, 33],
and in biomaterials viz., in arteries [166, 160]. These materials often display unique mechanical
responses as a result of underlying complex microstructure. For example, a triblock copolymer
gel consists of poly (methyl methacrylate)-poly (n-butyl acrylate)-poly (methyl methacrylate) in a
midblock selective solvent displays strain-stiffening behavior because of finite chain extensibility
[65, 177, 176]. Phenomenological models with some molecular basis, such as the Gent and the
Fung models have been used to describe stress-strain behavior and cavitation phenomena in soft
solids [55, 53, 128, 87, 181, 160, 75, 52, 29, 48, 98]. In all these materials, the presence of a
solvent can deter the cavity growth, as it needs to overcome high surface energy contribution. This
is particularly true for the hydrogel samples because of the high surface tension of water.
Although cavitation is generally an unwanted phenomenon leading to material’s failure, recently, cavitation phenomena has been harnessed to develop an experimental technique, cavitation
rheology (CR), for probing the local mechanical properties of swollen gels and other soft materials
[182, 87, 33]. This is particularly important for the measurement of mechanical properties for soft,
swollen solids, for which mechanical characterization by using traditional tensile testing instruments is difficult. In CR technique, a small defect is artificially introduced in gel samples through
a syringe needle. The defect is then pressurized using a pumping fluid, and the corresponding
pressure vs. time response is recorded. Once the local pressure exceeds Pc , a rapid cavity growth
at the needle tip is observed. Pc scales with the local elastic moduli, and depends on many other
factors such as types of network, contribution of surface energy, and several geometric factors such
as needle radius, distance of the needle from the sample boundary, and sample size with respect to
the needle dimension, as well.
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Cavitation phenomenon has been analytically modeled by considering growth of a spherical
cap at the needle tip and relating the pressure to elastic strain energy and surface energy. It has
been shown that for a neo-Hookean elastic material, the normalized critical pressure Pc /E can
be expressed as: Pc /E ≈ 5/6 + 2ω/Er0 [87], where ω/Er0 is defined as the elasto-capillary
number (ECN ), r0 is the needle radius or characteristic length of the defect, and ω is the solvent
surface tension. The ECN characterizes the relative contribution of surface energy to the elastic
strain energy. For soft materials, with low elastic modulus and considering small defect length,
ECN can be  1. Note that, for gel samples where the polymer concentration is not significant,
the surface energy contribution on Pc can be adequately represented by the surface tension of the
solvent, ω [87].
Although the CR technique has been successfully used to provide some key information on
mechanical properties for many gels [182, 87, 181, 33, 35, 75, 45, 11], a generalized understanding of this technique is still lacking. Analytical approaches, although useful for certain idealized
problems (i.e., cavity growth in an infinite domain), have several limitations. For example, a rigorous mathematical treatment can become very complex if the neo-Hookean model is replaced by
a multi-parameter phenomenological model, such as Ogden model, which is often used to model
soft tissues [6]. In addition, variation in the experimental geometry, stress concentration due to
the presence of the needle, defects in a sample, and the effect of finite domain boundary cannot be
investigated analytically in a straightforward manner. Therefore, development of a computational
framework such as using finite element analysis (FEA) is necessary.
In previous computational studies, displacement loading has been used to simulate the growth
of spherical cavity in an infinite domain of neo-Hookean material [67]. In displacement loading,
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the inner boundary or the cavity wall is displaced in a step-wise manner and the corresponding
pressure response is recorded. However, for non-symmetric CR geometry, where the cavity growth
is restricted because of proximity of an external immovable boundary, a uniform displacement
of the cavity wall cannot possibly capture the physics of cavity growth. In these scenarios, the
internal cavity pressure should be increased gradually (pressure loading) and the spatially-varying
evolution of the cavity can be evaluated. In recent FEA based investigations of cavity growth in
CR geometry, it was shown that the presence of a needle can increase Pc [75, 76]. In this study,
the effect of surface energy contribution on cavity growth was considered separately, similar to the
approach used in the analytical treatment [87, 179].
To improve our understanding of cavitation phenomena, here, we report a finite-element based
computational framework for soft solids that captures the change in critical pressure as the function
of surface energy and elastic strain energy. We utilize a unified FEA based approach considering
the coupled effect of elastic strain energy and surface energy. A spherical cavity in an infinite elastic media and CR geometry have been considered. In addition, the effect of finite domain boundary
on the cavitation phenomena has been investigated. Such boundary leading to confinement can influence cavitation in thin samples such as skin and pressure sensitive adhesives [25, 118, 138, 32].
For CR experiments, confinement could be due to proximity of needle and sample boundary. This
is particularly relevant for the CR experiments on biological samples, where the sample volume is
small, material property vary spatially, and the material is surrounded by a stiff boundary such as
bone [131, 50, 78].
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Figure 7.1: (A) Axisymmetric geometry with mesh representing a cavity in a sphere. Inset shows
the zoom-in view of meshing near the cavity wall. (B) Schematic of cavitation rheology (CR)
geometry. (C) Axisymmetric simulation geometry with boundary conditions and applied load.
(D) The meshing of CR geometry. Inset represents the zoom-in view (shown as a red square) of
high density meshes near the needle tip. In both geometries the surface tension elements are
shown in green.
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7.2

Simulation Geometries
The simulations have been performed considering two different geometries: (i) spherical cavity

in an infinite hyper-elastic media (defined as spherical cavity), and (ii) CR geometry. For the first
case, we consider a spherical cavity with initial radius, r0 =1, in an hyper-elastic sphere having radius of 50r0 . The radius of the elastic sphere is large enough to consider the geometry as an infinite
media. The symmetric nature of the geometry along x1 and x2 direction allows to perform a twodimensional axisymmetric analysis. As shown in Figure 7.1A, symmetry boundary conditions are
employed along the lines, x1 = x2 = 0, while outer boundary is kept free to accommodate the volume expansion due to incompressibility of the hyperelastic media. Either pressure or displacement
boundary conditions have been applied on the inner wall of the cavity.
Figure 7.1B represents the schematic of CR set-up in which a needle with radius r0 =1, is
inserted in a sample contained in a vial. Figure 7.1C displays the corresponding axisymmetric geometry used for FEA with necessary boundary conditions. The distance from the needle outer wall
to the vertical wall of the vial (defined as the vertical boundary) is hv , whereas, hb is the distance
between the needle-tip and the bottom wall of the vial (defined as the bottom boundary). Pinned
boundary condition is applied on the bottom boundary, vertical boundary, and at the needle outer
wall. The top boundary of the sample is kept free to accommodate the volume expansion of the incompressible sample considered here. Pressure loading is applied on the needle tip. Axisymmetric
boundary condition is applied along the sample container centerline. To investigate the effect of
boundary on the simulation results, we have conducted simulations by systematically varying hb
and hv , while keeping the needle radius, r0 , constant.
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For all the simulation cases, the Young’s modulus value, E, is considered as 6. In both geometries, to reduce the computational load without affecting the results, finer mesh has been used
near the cavity wall for spherical geometry and near the needle tip in the CR geometry (see Figure 7.1D). Particularly, the mesh is concentrated up to the size of 0.005r0 in proximity to the needle
tip with maintaining an aspect ratio of 1. The mesh is concentrated up to 0.001r0 in the case of
spherical cavity.

7.3

Mathematical Formulations and Simulations Details
For an incompressible neo-Hookean material, strain energy density function, ψ, is represented

as [153]:

ψ(λ) =

E 2
(λ + λ22 + λ23 − 3)
6 1

(7.1)

where, λi is the stretch ratio in the ith principle direction. The neo-Hookean model considers
that the polymer chains can be extended infinitely [153].
The force balance equation on the surface elements can be written as Young-Laplace equation
[130, 121]:

σ · n = −pappl n + (I − n ⊗ n)∇ · nωn

(7.2)

where, n is a unit vector normal to surface, ω is the surface tension and pappl represents the
applied pressure.
Cauchy stress tensor, σ, is represented as:
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σ=

1 ∂ψ T
F
J ∂F

(7.3)

where, F is the deformation gradient and J = det[F ].
Using the test function, w, the equilibrium equation can be presented as:

Z

Z
(σ : ∇w) =

B

(−pappl n.w + ω(I − n ⊗ n)∇.w)ds

(7.4)

S

where, the body force includes σ, and the surface force constitutes pappl and ω.
Using the Galerkin approach to take the test function as trial function, we obtain:

w = Σe wi Ni

(7.5)

where Ni represents ith component of the shape function matrix, [N ], that is used to map the
nodes of an arbitrary element in local coordinate system.
The element level residual in weak form can be presented as:

(Ru )e = −

Z

Z

Z
σ : ∇[N ]e dv −
B

ω(I − n ⊗ n)∇[N ]e da

pappl n.[N ]e da +
S

(7.6)

S

where, u is the current nodal coordinate vector. The last term on the right hand side represents
the residual contribution from the surface tension elements. Eq. (7.6) is solved iteratively for each
pressure step by Abaqus solver.
The stiffness matrix contribution from a surface tension element can be calculated based on
their current nodal coordinates as [67, 130, 72, 171, 100]:
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Kij =

∂(Rω )i
∂uj

(7.7)

Rω is the surface tension element residual contribution.
The surface tension elements are constructed at the cavity wall where load is applied (see insets
of Figure 7.1A and Figure 7.1D). Application of surface tension on the selective elements reduces
the computational load significantly and enable Abaqus to perform the calculation at very high
values of surface tension without compromising the error tolerance. An Abaqus subroutine UEL
has been developed to calculate the stiffness of surface tension elements. The calculated stiffness
is then used to update the material stiffness matrix calculated by the Abaqus inbuilt neo-Hookean
material model. More details about the UEL implementation and usage can be found in Abaqus
documentation.
For each simulation, the load has been applied in two steps. In Step-1, surface tension is
applied and ramped up to full value to equilibrate with the material elasticity. Once the cavity is in
equilibrium, in Step-2, a pressure loading has been applied along with the surface tension, which
propagates from the Step-1. In addition to pressure loading, for the spherical cavity, simulations
have also been conducted with displacement loading. CAX4RH elements are used to mesh the
body elements for all cases. Each case has been tested for grid independence. For this study, we
have varied the ECN from 0 to 100.

7.4 Results and Discussion
7.4.1 Spherical Cavity
The growth of spherical cavity in an infinite medium has been simulated for different values of
ECN . Initial cavity radius, r0 , has been considered to be the characteristic length for estimating
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ECN . We have considered ECN = 0, 2, 5 and 10, respectively. Figure 7.2 represents the normalized pressure (P/E) as a function of stretch ratio (λ) for different values of ECN . λ is defined as
p
A/A0 , where, A0 and A represent the initial and final surface area of the cavity, respectively. In
these simulations, as the outer boundary is not playing any role, the pressure required to inflate the
cavity has contributions from the material strain energy and surface tension.

Figure 7.2: Normalized pressure as a function of stretch ratio for different ECN s capturing
growth of a spherical cavity. Solid lines represent the analytical solution, open symbols represent
FEA results obtained for pressure loading (PLoad), and closed symbols represent FEA results
obtained for displacement loading (ULoad).

In Step-1, surface tension load has been applied, which resulted in inward shrinking of the
cavity, represented by the lines along the x-axis in Figure 7.2 (λ < 1). The inward shrinking of the
cavity increases with the increase in ECN . Low aspect ratio elements have been used to avoid the
numerical errors that may occur due to high inward shrinking at high ECN s during Step-1.
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In Step-2, during the application of the pressure or displacement loading, stretching of cavity
takes place. For the displacement loading, the pressure can be calculated based on the nodal
reaction forces. For ECN = 0 (i.e., for ω=0), the normalized pressure approaches Pc ≈ 5/6 as
λ → ∞. If ECN is greater than zero, as shown in Figure 7.2, pressure increases to a maximum and
then drops to a lower value with an increase in stretch ratio. For large values of ECN , the pressure
maximum is more pronounced. Beyond this maximum or critical pressure, a rapid expansion of
the cavity (elastic instability) is observed.
As shown in Figure 7.2, both pressure and displacement loading provide the same responses
up to the maximum pressure and only the displacement loading can capture pressure response at
higher stretch values (maximum stretch of 5r0 is considered here). Beyond the maximum pressure,
pressure decreases with the increase of stretch-ratio. Therefore, increasing pressure beyond the
maximum pressure in the pressure-loading simulation does not provide a valid solution and the
simulation aborts.
During growth of a spherical cavity in an infinite media, the inflation pressure and the cavity
stretch can be linked through an analytical expression as [67, 179]:

P
=
E
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2
1
−
− 4
6 3λ 6λ




+ ECN

2
3λ


(7.8)

From this equation, Pc , can be determined as [87]:

Pc
5
≈ + 2ECN
E
6

(7.9)

As observed in Figure 7.2, the analytical solution (prediction from Eq. 7.8) and the results obtained from the FEA match exactly, validating the accuracy of our approach. Note that, for gel
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samples, which are already swollen with water, the application of Step-1 may appear counterintuitive, as any defects or voids present in these samples are always in equilibrium. However, if a dry
crosslinked network is gradually swollen in a solvent, any voids present in the sample will shrink,
resembling the Step-1 performed here.

7.4.2

Cavitation Rheology Geometry

In a typical CR experimental set-up, the sample volume is quite large and the needle is far
away from the boundaries. This has been simulated by considering, hb = 52r0 and hv = 23r0 .
Simulations have been performed over a wide range of ECN , which is defined in terms of needle
radius, r0 . Figure 7.3A displays P/E vs. λ for different values of ECN . Here, λ represents
the square root of the cavity surface area to the needle tip cross-sectional area. The procedure
to numerically estimate cavity surface area for FEA is shown in Figure E.1. Note that, for this
geometry, the inward shrinking is negligible (constrained), as the surface tension is ramped up to
full value in Step-1. This is contrary to the inward shrinking observed for the case of spherical
cavity. Thus, λ starts from unity for the case of CR geometry. During the application of pressure
in Step-2, the cavity at the needle tip grows until a maximum pressure is reached.
Earlier, an analytical solution has been developed for the CR geometry considering spherical
cap at the tip of the needle and is given by [87]:

P
=
E
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−
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6 3λ 6λ

√


+ 4ECN
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λ2 − 1
λ2


(7.10)

Figure 7.3: Comparison of simulation and analytical results. (A) Normalized pressure vs. stretch
ratio for ECN = 0, 1, 2, and 5. Solid lines display the results predicted by the Eq. 7.10 and the
symbols represent the FEA results. (B) Cavity shape at the maximum pressure obtained from
FEA for ECN = 0, 1, 2, 5, and 50 and 100. For ECN = 0, cavity shape is plotted for λ = 4. The
full cavity shape has been obtained by taking the mirror reflection of the simulation geometry.
Same legends are used for (A) and (B). (C) The critical pressure, Pc , and critical stretch, λc ,
plotted as a function of ECN .

Note that, in CR experiments, system pressure is measured as a function of time. The above
equation does not explicitly provide pressure vs. time response. However, using the above analytical expression and considering ideal gas law for a closed system we obtain [65]:

√ 2



2
1
4ω
λ −1
5
P0 V0 − P0 +
+E
−
−
×
r0
λ2
6 3λ 6λ4

 3

√
πr0 2
V0 − µt +
(λ + 2) λ2 − 1
=0
6


(7.11)

where, P0 and the V0 represent the initial system pressure and system volume, respectively, and
µ is the fluid pumping rate. By solving the above equation for each time step, pressure vs. time
response can be obtained [65].
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In Figure 7.3A, FEA results are compared with the analytical solution given in Eq. 7.10. For
the ECN = 0, the normalized pressure, P /E, is higher (20%) than predicted by Eq. 7.10 at λ = 4.
For ECN > 0, the initial pressure responses have been found to be similar to that predicted by
Eq. 7.10, but then deviate. The estimated Pc from FEA is about 0.4E higher than the analytical
prediction (Eq. 7.9) for each ECN values.
Figure 7.3B displays the cavity shape at the maximum pressure for ECN ≥ 1. No significant
change in the cavity shape has been observed, although the magnitude of Pc increases with increasing ECN . A similar trend of the Pc can be observed from the analytical solution [87]. Both
FEA and analytical solution provide same λ, defined as the critical stretch ratio, λc , corresponding
to the Pc . For the ECN = 0, no clear maximum in the pressure response is observed and the
pressure asymptotically approaches Pc as λ → ∞. Hence, the cavity shape at λ = 4 is plotted for
ECN = 0.
Figure 7.3C summarizes the Pc and λc as a function of ECN obtained from both FEA and
analytical solution. A similar to that presented in Figure 7.3A, the effect of needle appears to
be insignificant on Pc , particularly at the higher values of ECN . Also, for the hb and hv values
considered here, the vial boundaries have no effect on the cavitation phenomena, therefore, boundaries can be considered to be located at infinity. Hence, this case is referred to as “CR with infinite
boundary” in the following discussion.
As captured in FEA, pinning at the needle corner has likely resulted in slightly higher pressure
compared to the analytical prediction. Our results for ECN = 0, matches with the literature
results, where, for the CR geometry and without considering surface tension, it has been shown
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that the presence of needle increases the critical pressure due to the stress concentration at the
needle corner [75].
The results presented above can be discussed in the context of experimental observations. CR
technique has been used for many soft materials, such as hydrogels [87], organogels [65, 11],
and biological tissues [35]. In many of these samples, concentration of polymer or other gelator
molecules is small, leading to surface energy of these materials of the same order of surface tension
of the fluid present in the sample. For hydrogel samples with low gelator concentration, we can
consider ω is equal to the surface tension of water, one of the highest surface tension values. For
cavitation experiments, most often, air is used as a pumping fluid [87, 33]. If air is replaced with
water as the pumping fluid, for hydrogel samples we can consider, ω ≈ 0 [35]. Also, soft materials
have a wide range of elastic modulus, from few Pa as observed in vitreous gels to few kPa observed
in alginate samples and in tissues [35, 131, 127, 172, 66]. Therefore, for different combinations of
E, ω and r0 , we can access a large range of ECN and the above results are relevant.

7.4.3

Energy Release Rate

The energy release rate (G, previously used symbol was Γ) is defined as the energy required
to create unit surface area. This is an important parameter needed to be considered for the cases
where a new surface is created, such as in pressure sensitive adhesives, cavitation or void growth
in an elastic media, and in fracture [98, 100, 34, 89, 140]. Using Gent’s formulation, G is defined
as [55, 98, 100]:

1
∂U
=−
G=
∂A
2πr0
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(7.12)
P

where, U represents the potential energy of the system. Mathematically, U can be represented
as [100]:

Z

ω
∗

∗

Z

A(P = 0, ω )dω −

U=

P

V (P ∗ )dP ∗

(7.13)

0

0

where, (∗) represents the dummy variables. V (P ) represents volume as a function of pressure.
The first term on the right side of the Eq. 7.13 corresponds to the potential energy gain in Step1. The second term represents the work done by pressure to overcome the material stiffness and
surface tension in Step-2. The numerical calculation protocols for determining cavity area, A, and
volume, V , are provided in the supplementary information (ESI). Using Eq. 7.12 and Eq. 7.13, and
using the framework provided by Liu et al [100], the normalized energy release rate, G/Er0 , can
be presented as:

1
G
=
Er0
2π



∂φ
3φ − (ECN )
∂(ECN )


(7.14)

where, φ = −U/Er03 . Here, Eq. 7.14 is used to estimate G for different cases.
G/Er0 as a function of P/E for different ECN s are presented in Figure 7.4A-B. The inset of
these figures display normalized U , presented as U/Er03 , with respect to λ. Results for the higher
ECN s are shown in Figure E.2. For spherical cavity and ECN =0, as presented in Figure 7.4A,
the simulation result match with that obtained by Gent and Wang for a penny shape crack growing
into a spherical cavity, as [55]:

G
=
Er0

 

2
2
2
1+λ −
3
λ
168

(7.15)

Figure 7.4: Normalized energy release rate plotted against normalized pressure for (A) spherical
cavity, (B) CR with infinite boundary. Inset graphs in both (A) and (B) represent normalized
potential energy, U/Er03 , of the system. The solid lines represent the Step-1 and dashed lines
represent the Step-2 of the simulation.

For ECN >0, during the Step-1, since no pressure is applied and as the cavity shrinks, a drop
in G/Er0 is observed and become negative. With increasing ECN , the G/Er0 become further
negative. Also, in Step-1, U increases (see Figure 7.4A inset). In Step-2, with increasing pressure,
the cavity begins to grow resulting in increase in G/Er0 and decrease in U . As the point of
instability approaches, the G/Er0 increases sharply, particularly, for the lower ECN s such as
ECN = 0 and 0.3. This corresponds to the asymptotic behavior of P/E vs. λ (see Figure 7.3A) as
observed for these ECN s. For the ECN s where the maximum exist in P/E vs. λ, we could not
capture the increase in G/Er0 , as we consider pressure load here.
For the CR case, due to the presence of needle, the cavity size does not change during Step-1,
as a result, the U at the end of Step-1 is ωA0 . Similar to the spherical cavity, in Step-2, decrease
in U and increase in G/Er0 are observed. For the same ECN , the G/Er0 is less negative for the
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CR case. This is due to the difference in stored strain energy during Step-1 and slightly different
P/E values for a given λ.

7.4.4

Effect of Immovable Sample Boundaries and Confinement

Since the CR technique does not require any specific sample preparation, this technique has
been used to investigate many complex soft materials. In many cases, the sample volume is small
or thin in comparison to the needle radius [25]. Also, the sample can be surrounded by solid
boundaries or materials with much stiffer modulus [78]. If the needle is located closer to the sample
container wall or solid immovable boundaries, the deformation can be restricted (confined) by the
immovable boundaries and the corresponding pressure response will be different. To investigate
the effect of immovable boundaries and the conditions that can lead to confinement, we have
considered three cases.
Firstly, the vertical boundary (hv ) is moved toward the needle wall while keeping the bottom
boundary fixed at 52r0 . In the second case, the bottom boundary (hb ) is moved to the needle tip
while keeping the vertical boundary at 23r0 . In the third case, we consider hv = hb = h. In all
these cases, r0 is kept constant. The results are presented in Figs. 5-7 (also, in Figure E.3).
Figure 7.5 represents normalized pressure as a function of stretch ratio for the first case. We
consider hv equal to 4r0 (Figure 7.5A), 8r0 (Figure 7.5B), and 16r0 (Figure 7.5C), respectively.
Results are compared with that obtained from Eq. 7.10, the analytical prediction, however, without
considering any effect of the boundary.
As displayed in Figure 7.5A, for hv = 4r0 and considering ECN = 0, the normalized pressure increases rapidly and an apparent stiffening behavior is observed. The response is distinctly
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Figure 7.5: Normalized pressure vs. stretch ratio for different values of hv . (A) hv = 4r0 (B)
hv = 8r0 (C) hv = 16r0 . The solid lines represent the results predicted by the Eq. 7.10 for the
corresponding ECN values, without considering any effect of vial boundary.
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different than that obtained from Eq. 7.10 and that observed in Figure 7.3A, the CR with infinite
boundary case. Here, the vertical boundary limits the expansion of the cavity. For ECN ≥2,
the pressure responses change and a pressure maximum (Pc ) is observed. The difference in Pc
between the FEA and the analytical prediction (Eq. 7.10) is 0.7E. It is anticipated that beyond
the Pc , a drop in pressure will occur. This can be followed by a pressure increase because of confinement. Since we are using pressure loading, such responses cannot be captured. On the other
hand, simulation study with the displacement loading will not be appropriate, as the cavity growth
cannot be predicted a priori. Experimentally, cavitation will only be observed if the decrease in
pressure beyond Pc is significant, otherwise the pressure will increase until the failure of material
takes place [65].
The effect of vertical boundary is less significant, if the boundary is moved to a distance of 8r0
(Figure 7.5B). A small stiffening behavior is observed only for ECN = 0. For higher ECN s, Pc
values have been found to be less than that are observed for hv = 4r0 and, similar to that are obtained in the case of CR with infinite boundary (Figure 7.3A). Further, as presented in Figure 7.5C,
for hv = 16r0 , the results are same as that observed in the case of CR with infinite boundary
(Figure 7.3A).
Next, we have varied hb , while maintaining hv = 23r0 and the results are shown in Figure 7.6.
As shown in Figure 7.6A, for hb = 4r0 , the results are similar to the case of CR with infinite boundary (Figure 7.3A). However, this result is different than that presented in Figure 7.6, as almost no
stiffening behavior or increase in Pc has been observed. Therefore, it can be hypothesized that
moving the boundary more than 4r0 will not have any effect on the pressure response. Next, the
bottom boundary is moved to 2r0 (Figure 7.6B). The Pc appears to increase due to the proximity
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Figure 7.6: Normalized pressure vs. stretch ratio for different values of hb . (A) hb = 4r0 , (B)
hb = 2r0 , (C) hb = r0 . The solid lines represent the results predicted by Eq. 7.10 for the
corresponding ECN values, without considering any effect of vial boundary.
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of the needle to the boundary. Further, moving the boundary to r0 , as shown in Figure 7.6C, the
increase of Pc is significant for the ECN values of 1 and 2. The Pc cannot be calculated for the
ECN ≥ 5 due to very stiff nature of the system.
The mises stress contours for hb = r0 are shown in Figure 7.7. Contours for different values of
ECN , but for the same λ ≈ 1.926 are shown in Figure 7.7A-C. Whereas, that for the increasing λ
but maintaining ECN constant are shown in Figure 7.7D-F. As seen in these images, the sample
between the needle tip and the bottom boundary is subjected to higher compression stress. In other
words, the bottom boundary is resisting the cavity growth or confining the system. Note that, the
ECN values dictate the shape of the cavity. For ECN = 0, the cavity can grow upward around
the needle, but for higher ECN , the surface tension tries to maintain a spherical cavity shape.
Next, we maintain hb = hv = h, and such distance (h) has been varied over the range of r0 to
16r0 , such as h = 4r0 (Figure E.3A), 8r0 (Figure E.3B), and 16r0 (Figure E.3C), respectively. For
h = 4r0 , the system appears to be very confined, as captured by significant stiffening behavior.
The stiffening is more prominent than that observed for hv = 4r0 and hb = 52r0 , presented in Figure 7.5A. The stiffening becomes less severe if the boundaries are moved to 8r0 . Fixing the needle
to sample extreme boundaries at 16r0 , the results become similar to that of the CR with infinite
boundary. The above results indicate that the distance of the vertical boundary in comparison to
the distance of the bottom boundary affects the pressure response more significantly.
As shown above, confinement due to the proximity of the needle to the immovable boundaries (or sample container wall) leads to stiffening behavior and unbounded pressure growth, as
the cavity expansion is resisted by the boundary. In experimental investigations, the effect of sample boundary on the cavitation phenomena has been reported. For example, it has been shown
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Figure 7.7: (A-C) Mises stress contours for hb = r0 and hv = 23r0 , considering ECN = 0 (A), 1
(B), and 5 (C) at λ ≈ 1.926. (D-F) Mises stress contours for the same geometry and for ECN = 1
at λ ≈ 1.04 (D), 1.34 (E) and 1.92 (F).

175

that different pressure response can obtained for the eye-samples [181], if the outer membrane
layer (boundary) is removed. Similarly, for determining the mechanical properties of bone-marrow
within a bone [78], the bone can act as a boundary and affect the results. Also, the volume of soft
materials that we are interested in investigating can be small. For these cases, the small distance
between the needle and the sample boundary can cause confinement. In all these scenarios our
simulation results will be helpful to understand the experimental observations.
As shown in simulation, confinement leads to a significant increase in pressure. In reality, a
material cannot sustain an infinite pressure. At some pressure, failure of the material will take
place [65]. In our simulation, we have estimated the value of energy release rate G with increasing
pressure. If G is higher than the critical energy release rate, G0 , an intensive property of the
material, fracture of the material occurs [89]. The G0 depends on the gel structure. For physical
gels, the strength of association and for the chemical gels the bond energy dictate the values of G0 .
To study materials failure, models that can limit the maximum stretch of a material has been
considered [160, 159, 97]. The present work focuses on understanding of the cavitation phenomena
governed by continuum material property, surface tension, and the effect of immovable boundaries
(confinement). Other identified parameters that can affect the soft gels failure are viscosity [7],
stress localization [42], and diffusion of the solvent (poroelasticity) [17, 162]. An attempt will be
made in a future work to incorporate these parameters in our analysis.

7.5

Conclusions
A unified FEA based framework considering the coupled effect of elastic strain energy and

surface energy is presented here. The surface tension has been shown to affect the cavitation phe176

nomena significantly, as manifested by an increase in critical pressure. Stress concentration at the
corner of the needle also causes an increase in critical pressure. Presence of the immovable boundaries at close proximity to the needle can dictate the pressure response significantly. The proximity
of vertical boundary to the needle is more important in comparison to the bottom boundary. Confinement can lead to a significant increase in pressure and can stop the cavitation to take place. Our
results provide guidance for the experimental investigations regarding the size of the needle with
respect to the sample geometry and position of the needle within the sample with respect to the
boundary.
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CHAPTER 8
CAVITATION BEHAVIOR IN PHYSICALLY ASSEMBLED GELS AFFECTED BY VISCOUS
DISSIPATION

8.1

Introduction
Physically assembled gels are often treated as elastomers due to their sufficiently higher stor-

age modulus (G0 ) than the loss modulus (G00 ) at room temperature. For the case of a physically
assembled gel that consists of ABA triblock copolymer dissolved in a B-selective solvent, the midblocks (B-blocks) connect aggregates formed by collapsed endblocks (A-blocks). Therefore, the
B-blocks act as a bridge or load-bearing chains, while the aggregates act as the physically associated crosslinking points. A common property that most of these gels exhibit is stress relaxation.
Upon the application of a strain on gel, the instantaneous modulus is higher, which decays exponentially with the time. Therefore, gel moduli is a time-dependent behavior. The stress relaxation
behavior originates from the movement of polymer chain in solvent in order to redistribute the
stress by exchanging the endblocks among aggregates [132]. Based on the kinetic theory of failure
[109, 106], there exists an energy barrier (≈ 104 kB T ) for an A-block to overcome the physical
association of A-blocks in the aggregates. Due to the weak nature of physical bonds, the energy
gained by thermal fluctuations is sufficient to overcome the energy barrier. Thus, there exists a
probabilistic nature of a bond lifetime which is reciprocal to the bond dissociation probability.
During the application of strain, the midblock stretches and stores strain energy due to which the
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energy barrier decreases leading to a higher probability of bond failure, therefore, the bond lifetime
decreases when the gels are subjected to a load. The relaxation mechanism in these gels involves
the dissociation of A-blocks from aggregates and re-association to another aggregate. This process
leads to dissipation and redistribution of stress in the gel.
The stress relaxation phenomena in gels are often captured by the stretched-exponential function, mathematically represented as [132, 177, 106, 107]:

G(t) = G0 exp

t
−
τ

β !
(8.1)

where G0 is zero strain modulus, τ represents the relaxation time and β provides the spread in τ
reflecting the inhomogeneity in the microstructure of a gel. For β=1, the material shows a Maxwell
type behavior with a single relaxation time. As β value approaches close to zero, the distribution
in the relaxation time increases representing the inhomogeneity in network structure. For acrylic
gels that consist of poly(methyl methacrylate)- poly(n-butyl acrylate)- poly(methyl methacrylate)
[PMMA-PnBA-PMMA] dissolved in 2-ethyl-1-hexanol, a fixed β value of 0.33 was obtained [40].
It was argued that β = 0.33 value is valid for all physically assembled gels, however, such a
constant β could not be obtained for the gel consist of poly(styrene)-poly(isoprene)-poly(styrene)
[PS-PI-PS] dissolved in white mineral oil [106]. Also, a deviation in β from 0.33, often less, was
reported for acrylic gel using a similar polymer molecular weight [177] and for the case of PS-PIPS gel in mineral oil [106]. In addition, using Eq. 8.1 to define the gel modulus contradicts the
assumption of elastomeric nature of gels.
Other models were also used in literature to capture the viscous dissipation of non-linear elastomers. The term often used for such a property is visco-hyperelasticity. For the polymeric foam
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behavior, a visco-hyperelastic model that consisted of one overstressed arm in parallel to an equilibrium arm was presented (Figure 8.1). The equilibrium arm consisted of Ogden hyperelastic
spring. The overstressed arm consisted of an Ogden spring connected in series to a dashpot [5].
This model was further extended by replacing Ogden spring by a spring representing Gent hyperelastic model to represent the visco-hyperelastic behavior of acrylic elastomers [117]. Such a model
can be useful to capture the stress relaxation behavior of gels since it displays a non-zero modulus
at infinite time, but a single relaxation time contradicts the relaxation time distribution in a gel that
originates from the inhomogeneity in gel microstructure.

Figure 8.1: A schematic representation of a model used to capture the visco-hyperelasticity of
material [5, 117].

A Maxwell model that consists of a non-linear equilibrium spring connected in parallel with a
number of Maxwell’s arms captures the attention in order to describe the stress relaxation mechanism in gels. A Maxwell’s arm consists of a linear spring connected in series with a dashpot. A
number of Maxwell’s arms can represent the distribution of relaxation time. This model is used
to capture the visco-hyperelastic behavior of rubber-like materials [99]. This model argues the
presence of a strongly crosslinked network and a mobile network [99]. The strongly crosslinked
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network dictates the elastic response of the rubber, while the mobile network represents the viscous dissipation in the rubber. This model can be related to the gel network where dissociated
endblocks causes energy dissipation, therefore, representing the viscous part. The non-dissociated
load-bearing midblocks represents the elastic part or the equilibrium modulus.
In the present work, we have utilized the generalized Maxwell model to capture the stress
relaxation behavior in a physically assembled gel that consists of PS-PI-PS, a triblock copolymer
dissolved in white mineral oil. The model is used for simulating the cavitation behavior of a gel in
infinite media by using finite element method. The result is further compared with the cavitation
experiments for the validation. The details of cavitation behavior of soft solid can be found in
chapter 7.

8.2

Experiments Details
Gel samples were prepared using Kraton D1164 polymer (kindly provided by Kraton) in min-

eral oil [108]. For the gel preparation method and rheology experiments, we have followed the
same protocol as mentioned previously in chapter 2 and chapter 3 in detail.

8.3

Modified Maxwell Model
Figure 8.2 represents the schematic of the generalized Maxwell model that consists of 3 Maxwell

arms. The equilibrium arm is represented by a neo-Hookean spring with shear modulus of G0 ,
while Maxwell’s arms are a combination of a linear spring connected in series to a dashpot. It is
well known that for the ith Maxwell arm applied with a strain (i ), the stress (σi ) decomposes expo-
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nentially. A relation between the decaying stress (σi ) and time (t) can be mathematically expressed
as:


tGi
σi = Gi exp −
ηi


i

(8.2)

Figure 8.2: A schematic representation of a generalized Maxwell model. The equilibrium
behavior is represented by a neo-Hookean spring with shear modulus of G0 . The Maxwell arms
consist of linear springs and dashpots. The ith Maxwell arm has shear modulus of Gi and a shear
viscosity of ηi .

Since the stress is shared by all the arms indicating σtotal =

Pi=n
i=1

σi , the net modulus at any

instant can be derived as:
G(t) = G0 +

i=n
X
i=1

8.4



tGi
Gi exp −
ηi


(8.3)

Finite Element Geometry
A commercial code Abaqus was used to conduct finite element analysis (FEA). The simulations

have been performed using a spherical geometry with a cavity at its center. The axis-symmetric
nature of the problem was exploited to perform simulations on a 90 ◦ sector as shown in Figure 8.3.
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Figure 8.3: Finite element geometry of spherical cavity in an neo-Hookean sphere media. The
cavity has a radius of (r0 ) and hyperelastic media has a radius of 50r0 .

The spherical cavity has an initial radius of r0 =1, surrounded by a hyper-elastic spherical media
with a radius of 50r0 . The radius of elastic sphere is large enough to consider the cavity as present
in an infinite media. The symmetric nature of the geometry along x1 and x2 direction allows
performing a two-dimensional axisymmetric analysis.
Symmetry boundary conditions were employed along the lines, x1 = x2 = 0, while the outer
boundary is kept free to accommodate the volume expansion due to incompressibility of the hyperelastic media. Displacement boundary conditions have been applied on the inner wall of the cavity
in radial direction in order to mimic the cavity expansion using a DISP subroutine. The DISP
subroutine moves the boundaries in a non-linear fashion in order to maintain a linear relationship
between cavity volume and time. Using the subroutine, we have applied four different pumping
rates (µ) of 10−5 , 1, 10, 100, and 103 mL/min. Eq. 8.3 was used to create a user element subroutine
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UMAT in Abaqus. The FEA modeling of the constitutive equation is provided in literature [99].
The subroutine uses G and η values as input parameters that are obtained from fitting the stress
relaxation data to the generalized Maxwell model. The bulk modulus was kept 1000 times of the
tensile modulus to enforce the incompressibility condition.

8.5

Results and Discussions
Figure 8.4 shows the stress relaxation data fitted with the Eq. 8.3. The data fits well using up

to 3 Maxwell arms. The fitted parameters are indicated in Table 8.1. As observed from the fitted
model, the equilibrium modulus, G0 ≈2000 Pa. Corresponding relaxation time (τi ) of each arm
can be calculated by using τi = ηi /Gi , which estimates ≈654, 65.3, and 6.54 s, as a τ1 , τ2 andτ3 ,
respectively. The arm with a shorter relaxation time has a tendency to dissipate the stress faster. A
lower τi arm corresponds to the lower value of Gi , implying that a faster relaxation dissipates the
lower amount of energy.
The expansion of cavity was defined in the terms of stretch ratio (λ), which is a dimensionless
parameter and is a ratio of final to initial radius of the cavity (λ = r/r0 ). For a spherical cavity
expanding in an infinite neo-Hookean hyperelastic material, the applied pressure (P ) can be related
to the λ as:
5
2
1
P
= −
− 4
E
6 3λ 6λ

(8.4)

where E is the tensile modulus of the material. For incompressible materials, E = 3G.
We have used Eq. 8.4 to compare the results with FEA simulation. We have used equilibrium
modulus to define tensile modulus as E0 = 3G0 . Using λ → ∞ in Eq. 8.4, we receive the critical
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Figure 8.4: Stress relaxation data for the 10% D1164 in white mineral oil. The markers show
experimental data while the solid line represents the generalized Maxwell model corresponding to
Eq. 8.3 with n = 3.

pressure (Pc ) as 5E/6. The Pc represents the pressure at which the cavity growth occurs suddenly
leading to a drop in applied pressure.
Figure 8.5 shows the FEA simulation results compared with Eq. 8.4 (as solid line). Here, the
normalized pressure (P/E) is plotted against the stretch ratio (λ). It can be observed that for low
pumping rate (µ = 10−5 mL/min), the FEA result follows the analytical solution, however, the
solution diverges slightly at high λ values. An increase in µ to 10−3 mL/min shows an increased
P/E for a given λ. With further increase in µ = 1 mL/min, the FEA solution shows a further
increased P/E indicating that a higher pressure is required to expand the cavity to a given radius.
Interestingly, no change in the material response was observed for µ ≥ 1 mL/min.
At lower µ (=10−5 mL/min), the material has sufficient time dissipate the stress by relaxing
the bonds through association and dissociation of endblocks. Therefore, the energy stored in the
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Table 8.1: Parameters obtained by fitting the stress relaxation data in Figure 8.4 with Eq. 8.1.
G0 (Pa)
2001

G1 (Pa)
894.5

η1 (Pa.s)
5.85× 105

G2 (Pa)
548.0

η2 (Pa.s)
35803

G3 (Pa)
272.3

η3 (Pa.s)
1781

Figure 8.5: Normalized pressure (P/E0 ) as a function of stretch ratio (λ = r/r0 ) for different
pumping rates (µ) capturing growth of a spherical cavity. Solid lines represent the analytical
solution corresponding to Eq. 8.4 and symbols represent FEA results.
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material is elastic strain energy represented by the equilibrium spring in model (Figure 8.2). Also,
the contribution from solvent viscosity is negligible at that low pumping rate. As a result, the
material response is purely elastic and overlaps with that provided by Eq. 8.4. However, a slight
diversion at a higher λ is a result of an increase in viscous dissipation with increase in the cavity
area. Therefore, the asymptotic behavior of analytical solution at λ ≥ 3 can not be observed in
FEA solutions. A increase in the µ to = 10−3 mL/min increases the normalized pressure up to
10% higher than predicted by Eq. 8.4 (not shown here). This indicates that the viscous dissipation
starts to play a role at higher pumping rates.
A further increase in µ increases P/E0 to approximately twice of the value predicted by Eq. 8.4
(compare at λ = 2.8). Also, under the investigated range of λ, we could not capture the asymptotic
behavior for µ ≥ 1 mL/min. A further increase in µ does not change the pressure response of the
material. At this µ, we can understand that the elastic response is also contributed from all three
Maxwell’s arms due to a quicker expansion of the cavity which does not provide sufficient time for
either of the dashpots to relax the stress. A future attempt will be made to improve the subroutine
in order to capture the response at higher cavity stretch values.

8.6

Conclusions
We have used the generalized Maxwell model to capture the viscous dissipation in the gels

consisting of 10% (w/w) PS-PI-PS in white mineral oil. Stress relaxation experiments were performed and the data were fitted with the generalized Maxwell model. Using only 3 Maxwell arms
captures the stress relaxation behavior of the gel. The relaxation time values were found to vary
over two orders of magnitude. The finite element simulations performed on the expansion of the
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spherical cavity in an infinite media indicates a major role played by the viscous dissipation in gels,
especially at high cavity stretch values. This study provides compelling evidence of the significant
role of viscous dissipation during the cavitation in gels which, in future, will be confirmed experimentally. This work can be extended to study the effect of needle size on the cavitation behavior
of gels. Also, the implementation of this model to simulate the fracture with a predefined crack
can abridge the gap between theoretically estimated fracture energy and that observed from the
experiments [10, 108].
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CHAPTER 9
CONCLUSIONS AND FUTURE DIRECTIONS

9.1

Conclusions
In this study, mechanical properties of two physically assembled gels consist of PS-PI-PS in

white mineral oil and PMMA-PnBA-PMMA in 2-ethyl-1-hexanol (also known as acrylic gels)
were studied using various experimental techniques and numerical simulations. Commercial experimental techniques like rheology were used, and also new testing instruments were developed
to conduct experiments like tensile, creep, and failure with predefined crack. For the microstructure characterization, SAXS and SANS techniques were used. Micellar microstructure of gels was
characterized the by using a custom-built model i.e. polydispersed core hard-sphere model.
During deformation, a change in the microstructure of gel occurs leading to a change in their
mechanical response. Such a change was captured in the gel microstructure using the RheoSANS
experiments on acrylic gels that consist of PMMA-PnBA-PMMA in 1-butanol. A change in gel
microstructure during deformation was captured. With a decrease in temperature, a change in the
gel microstructure was also observed. This is due to decrease in PMMA solubility in 2-ethyl-1hexanol with decreasing temperature. A change in mechanical behavior of gels was investigated
by varying the midblock length, polymer volume fraction, and midblock concentration, which was
further related to their microstructure. The study was extended to understand the effect of high
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surface tension, boundary confinement, and viscous dissipation on the cavitation behavior of gels
using the finite element simulations.
It was investigated that how the polymer concentration and presence of longer midblocks can
potentially influence the microstructure of physically assembled gels. A reflection of the change
in their microstructure can be observed in their mechanical responses. The PS-PI-PS gels studied here display micellar microstructure. A polydispersed core hard-sphere model captures their
microstructure very well. The polymer network in these gels consists of aggregates formed by collapsed PS-blocks. These aggregates act as physically assembled crosslinks which are connected
by PI midblocks acting as load-bearing chains.
With an increase in the midblock length of the polymer, an increase in the viscous dissipation
phenomena was observed. At higher polymer concentration and for the longer midblocks than the
entanglement weight of PI melt, the midblock can form entanglements within the gel. SAXS technique can not capture the midblock entanglement, however, the effect of midblock entanglement
can be observed through a change in mechanical responses of gel subjected to various loads. A gel
with longer midblock has a higher aggregation number and lower aggregate density. The presence
of midblock entanglement restricts the local motion of PI chains, and hence, a delay occurs for
the stress transfer to the endblock in order to pull them out of the aggregates. The presence of
midblock entanglement causes the stretch rate-dependent modulus of gels, due to which, the gel
shows a higher modulus at higher stretch rates. The midblock entanglement increases the failure
time of gels when subjected to a creep load. A higher crack-tip blunting was observed for the gel
with higher midblock length. The longer midblock restricts the crack-tip opening, as a result of
which, a steeper dependence of energy release rate on the crack-tip was observed.
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An increase in polymer volume fraction changes the gel microstructure and increases its modulus. At low polymer volume fraction, an increase in polymer concentration increases the density
of aggregates. However, at higher polymer volume fraction, an increase in polymer concentration
increases the size of aggregates. With both of the above processes, the density of the load-bearing
chain increases, which further increases the gel modulus. The gelation temperature increases with
increase in polymer volume fraction due to higher endblock concentration. A gel with higher polymer volume fraction has relatively relaxed midblocks, which can extend to a higher stretch ratio.
As a result, a higher stretchability was observed for the gel with higher volume fraction. With
an increase in the polymer volume fraction, stress relaxation time increases, thus, the gel tends
to behave like an elastomer. A TTS study performed on the gels indicates that the crossover frequency increases with polymer volume fraction. With an increase in the polymer volume fraction,
the fracture energy of these gels also increases. A linear dependence of energy release rate on the
crack-tip velocity was observed for these gels. The linear dependence becomes steeper and the
critical energy release rate increases with an increase in the polymer volume fraction.
Midblock concentration plays an important role in causing the viscous dissipation. The addition of PI homopolymer increases the PI concentration while keeping the PS concentration constant
in the gel. A PI homopolymer does not play a role as a load-bearing chain but causes a change
in the microstructure affecting the mechanical response of the gel. Any change in the gelation
temperature was not observed upon adding the PI homopolymer in the gel. The addition of homopolymer does not change the gel modulus significantly but decreases the stress relaxation time
by two orders of magnitude. A higher midblock concentration in the gel that have been achieved
by adding PI homopolymer causes the disentanglement of the midblock. A decrease in the steep191

ness of the energy release rate was observed when plotted against the crack-tip velocity, however,
the critical energy release does not change significantly.
For understanding the effect of boundary proximity, surface tension and viscous dissipation
on the cavitation behavior of gels, finite element simulations were performed using a commercial
code Abaqus. Material models for hyperelastic and visco-hyperelastic materials and user elements
for the surface tension were developed using the UMAT and UEL subroutines. Finite element
simulation results indicate that the proximity of the sample container boundary introduces a strain
stiffening behavior in the response of a gel. To avoid such artificially induced stiffening behavior, a
minimum distance of sixteen times of needle radius is required between the needle tip and the stiff
boundaries like sample container vial. However, the presence of needle that is introduced to create
a defect in the gel also causes an artificial stiffening response of the gel and increases the critical
pressure approximately by 0.4 times of the gel tensile modulus. The surface tension of the solvent
restricts cavity opening, especially at low stretch values, causing an increase in the critical pressure.
The critical pressure grows monotonically with an increase in the surface tension. Further, presence
of solvent and dynamic nature of bonds in physically assembled gels causes viscous dissipation
that was captured using stress relaxation experiments. A generalized Maxwell model was used to
fit the stress relaxation data. The fitted parameters were used for probing the cavitation behavior
in gels. The results indicate that the critical pressure becomes two times higher than that estimated
by analytical solution for purely elastic material. An increase in the fluid pumping rate also leads
to higher critical pressure.
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9.2

Future Directions
As observed in the present work, the endblock concentration increases the gelation temperature,

however, the endblock concentration is a function of polymer chain density and endblock length.
A further investigation is required to investigate the gelation behavior dependence on these two
factors individually.
Our study considers that all the polymeric chains are acting as bridges. Present research does
not account for the contribution from loops and dangling chains in the gel response. The loops
formation and dangling chains depend on several factors like polymer concentration and midblock
length. The presence of loops can increase the viscous dissipation in gels. Further investigation is
necessary to estimate the loops vs. bridge fraction using the experimental technique like dielectric
measurement or simulation tool like self-consistent field theory.
The present study reveals a change in the microstructure of gels when subjected to deformation,
however, the data is not sufficient to understand the transformed structure. The future work could
include observing such a change in the microstructure. To accomplish this, a high flux beamline
and a dedicated tensile or rheometer are required to perform in − situ experiments [18, 142].
Further, the present work can be extended to probe into the structure-property relationship of gels
that exhibit a cylindrical micellar system. Literature suggests that the cylindrical micelles form
due to aggregation of spherical micelles at higher polymer concentrations and at higher endblock
concentration. A detailed study is required to decouple the effect of these two factors. It also will
be interesting to relate the mechanical response and failure behavior of such gels through their
microstructure.
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The finite element modeling shows an individual effect of surface tension and viscous dissipation on the mechanical response of elastomers during large deformations. A combined model
that incorporates both effects is necessary for a more accurate prediction of cavitation behavior in
gels. Further, poroelasticity also has a significant effect during the failure of a gel. A compelling
study through experiments and finite element modeling will essentially contribute to our present
understanding of failure in gels.
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[141] P. Sikorski, F. Mo, G. Skjåk-Bræk, and B. T. Stokke, “Evidence for Egg-Box-Compatible
Interactions in Calcium - Alginate Gels from Fiber x-Ray Diffraction,” Biomacromolecules,
vol. 8, no. 7, 2007, pp. 2098–2103.
205

[142] M. K. Sing, M. J. Glassman, X. T. Vronay-Ruggles, W. R. Burghardt, and B. D. Olsen,
“Structure and Rheology of Dual-Associative Protein Hydrogels under Nonlinear Shear
Flow,” Soft Matter, vol. 13, no. 45, 2017, pp. 8511–8524.
[143] P. J. Skrzeszewska, J. Sprakel, F. A. De Wolf, R. Fokkink, M. A. Cohen Stuart, and J. Van
Der Gucht, “Fracture and Self-Healing In A Well-Defined Self-Assembled Polymer Network,” Macromolecules, vol. 43, no. 7, 2010, pp. 3542–3548.
[144] Y. R. Sliozberg, J. W. Andzelm, J. K. Brennan, M. R. Vanlandingham, V. Pryamitsyn, and
V. Ganesan, “Modeling Viscoelastic Properties of Triblock Copolymers: A DPD Simulation
Study,” Journal of Polymer Science Part B: Polymer Physics, vol. 48, no. 1, jan 2010, pp.
15–25.
[145] C. Storm, J. J. Pastore, F. C. MacKintosh, T. C. Lubensky, and P. A. Janmey, “Nonlinear
Elasticity in Biological Gels,” Nature, vol. 435, no. 7039, May 2005, pp. 191–194.
[146] A. P. Sudarsan, J. Wang, and V. M. Ugaz, “Thermoplastic Elastomer Gels: An Advanced
Substrate for Microfluidic Chemical Analysis Systems,” Anal. Chem., vol. 77, no. 16, 2005,
pp. 5167–5173.
[147] T. L. Sun, T. Kurokawa, S. Kuroda, A. B. Ihsan, T. Akasaki, K. Sato, M. A. Haque, T. Nakajima, and J. P. Gong, “Physical Hydrogels Composed of Polyampholytes Demonstrate High
Toughness and Viscoelasticity,” Nature Materials, vol. 12, no. 10, 2013, pp. 932–937.
[148] Y. Tanaka, K. Fukao, and Y. Miyamoto, “Fracture Energy of Gels,” The European Physical
Journal E, vol. 401, no. 3, 2000, pp. 395–401.
[149] Y. Tanaka, R. Kuwabara, Y.-H. Na, T. Kurokawa, J. P. Gong, and Y. Osada, “Determination
of Fracture Energy of High Strength Double Network Hydrogels,” J. Phys. Chem. B, vol.
109, no. 23, 2005, pp. 11559–11562.
[150] T. L. A. Ted L. Anderson, Fracture Mechanics: Fundamentals and Applications, Third
Edition, third edition, CRC Press, may 2005.
[151] T. L. Thornell, B. A. Helfrecht, S. A. Mullen, A. Bawiskar, and K. A. Erk, “Fracturehealing Kinetics of Thermoreversible Physical Gels Quantified by Shear Rheophysical Experiments,” ACS Macro Letters, vol. 3, no. 10, 2014, pp. 1069–1073.
[152] M. Tomsic, A. Jamnik, G. Fritz-Popovski, O. Glatter, and L. Vlccek, “Structural Properties
of Pure Simple Alcohols from Ethanol, Propanol, Butanol, Pentanol, to Hexanol: Comparing Monte Carlo Simulations with Experimental SAXS Data,” The Journal of Physical
Chemistry B, vol. 111, no. 7, 2007, pp. 1738–1751.
[153] L. R. G. Treloar, The Physics of Rubber Elasticity, Oxford University Press, USA, 1975.

206

[154] D. Trivedi, C. D. Rahn, W. M. Kier, and I. D. Walker, “Soft Robotics: Biological Inspiration,
State of the Art, and Future Research,” Applied Bionics and Biomechanics, vol. 5, no. 3,
2008, pp. 99–117.
[155] M. O. Tuhin, J. J. Ryan, J. D. Sadler, Z. Han, B. Lee, S. D. Smith, M. A. Pasquinelli, and
R. J. Spontak, “Microphase-Separated Morphologies and Molecular Network Topologies in
Multiblock Copolymer Gels,” Macromolecules, 2018, pp. 5173–5181.
[156] J. van Meerveld, “A Method to Extract the Monomer Friction Coefficient from the Linear
Viscoelastic Behavior of Linear, Entangled Polymer Melts,” Rheologica Acta, vol. 43, no.
6, 2004, pp. 615–623.
[157] L. Vanel, S. Ciliberto, P.-P. Cortet, and S. Santucci, “Time-dependent Rupture and Slow
Crack Growth: Elastic and Viscoplastic Dynamics,” Journal of Physics D: Applied Physics,
vol. 42, no. 21, 2009, p. 214007.
[158] D. A. Vega, J. M. Sebastian, Y. L. Loo, and R. A. Register, “Phase Behavior and Viscoelastic Properties of Entangled Block Copolymer Gels,” Journal of Polymer Science Part B:
Polymer Physics, vol. 39, no. 18, 2001, pp. 2183–2197.
[159] K. Y. Volokh, “Hyperelasticity with Softening for Modeling Materials Failure,” Journal of
the Mechanics and Physics of Solids, vol. 55, no. 10, 2007, pp. 2237–2264.
[160] K. Y. Volokh, “Cavitation Instability as a Trigger of Aneurysm Rupture,” Biomechanics
and Modeling in Mechanobiology, vol. 14, no. 5, 2015, pp. 1071–1079.
[161] W. J. Wang, Z. Ye, H. Fan, B. G. Li, and S. Zhu, “Dynamic Mechanical and Rheological
Properties of Metallocene-Catalyzed Long-Chain-Branched Ethylene/Propylene Copolymers,” Polymer, vol. 45, no. 16, 2004, pp. 5497–5504.
[162] X. Wang and W. Hong, “Delayed Fracture in Gels,” Soft Matter, vol. 8, no. 31, 2012, p.
8171.
[163] J. Washiyama, E. J. Kramer, C. Creton, and C. Y. Hui, “Chain Pullout Fracture of Polymer
Interfaces,” Macromolecules, vol. 27, no. 8, 1994, pp. 2019–2024.
[164] J. Washiyama, E. J. Kramer, and C. Y. Hui, “Fracture Mechanisms of Polymer Interfaces
Reinforced With Block Copolymers: Transition From Chain Pullout To Crazing,” Macromolecules, vol. 26, no. 11, 1993, pp. 2928–2934.
[165] H. Watanabe, T. Sato, and K. Osaki, “Concentration Dependence of Loop Fraction in
Styrene–Isoprene–Styrene Triblock Copolymer Solutions and Corresponding Changes in
Equilibrium Elasticity,” Macromolecules, vol. 33, no. 7, apr 2000, pp. 2545–2550.
[166] P. N. Watton, Y. Ventikos, and G. A. Holzapfel, “Modelling the Growth and Stabilization of
Cerebral Aneurysms,” Mathematical Medicine and Biology: A Journal of the IMA, vol. 26,
no. 2, 2009, pp. 133–164.
207

[167] K. M. Weigandt, L. Porcar, and D. C. Pozzo, “In Situ Neutron Scattering Study of Structural
Transitions in Fibrin Networks under Shear Deformation,” Soft Matter, vol. 7, no. 21, 2011,
pp. 9992–10000.
[168] R. Wijayapala, S. Mishra, B. Elmore, C. Freeman, and S. Kundu, “Synthesis and Characterization of Crosslinked Polymers from Cottonseed Oil,” Journal of Applied Polymer Science,
vol. 136, no. 24, jun 2019, p. 47655.
[169] M. Wilson, A. Rabinovitch, and A. R. Baljon, “Computational Study of the Structure and
Rheological Properties of Self-Associating Polymer Networks,” Macromolecules, vol. 48,
no. 17, 2015, pp. 6313–6320.
[170] A. Windle, “X-ray Scattering Measurements of Order in Non-Crystalline Polymers,” Pure
and Applied Chemistry, vol. 57, no. 11, 1985, pp. 1627–1638.
[171] X. Xu, A. Jagota, S. Peng, D. Luo, M. Wu, and C. Y. Hui, “Gravity and Surface Tension
Effects on the Shape Change of Soft Materials,” Langmuir, vol. 29, no. 27, 2013, pp. 8665–
8674.
[172] C. H. Yang, M. X. Wang, H. Haider, J. H. Yang, J. Y. Sun, Y. M. Chen, J. Zhou, and
Z. Suo, “Strengthening Alginate/Polyacrylamide Hydrogels using Various Multivalent
Cations,” ACS Appl. Mater. Interfaces, vol. 5, no. 21, 2013, pp. 10418–10422.
[173] O. H. Yeoh, “Analysis of Deformation and Fracture of ‘ Pure Shear ’ Rubber Testpiece,”
Plastics, Rubber and Composites, vol. 30, no. 8, 2001, pp. 389–397.
[174] H. Yokoyama and E. J. Kramer, “Self-Diffusion of Asymmetric Diblock Copolymers With
A Spherical Domain Structure,” Macromolecules, vol. 31, no. 22, 1998, pp. 7871–7876.
[175] H. Yokoyama, E. J. Kramer, and G. H. Fredrickson, “Simulation of Diffusion of Asymmetric
Diblock and Triblock Copolymers in a Spherical Domain Structure,” Macromolecules, vol.
33, no. 6, 2000, pp. 2249–2257.
[176] M. Zabet, S. Mishra, R. Boy, K. B. Walters, A. K. Naskar, and S. Kundu, “Temperaturedependent Self-assembly and Rheological Behavior of a Thermoreversible PMMA-PnBAPMMA Triblock Copolymer Gel,” Journal of Polymer Science Part B: Polymer Physics,
vol. 55, no. 11, 2017, pp. 877–887.
[177] M. Zabet, S. Mishra, and S. Kundu, “Effect of Graphene on the Self-Assembly and Rheological Behavior of a Triblock Copolymer Gel,” RSC Adv., vol. 5, no. 102, 2015, pp.
83936–83944.
[178] J. Zhang, C. R. Daubert, and E. A. Foegeding, “Fracture Analysis of Alginate Gels,” Journal
of Food Science, vol. 70, no. 7, 2006, pp. e425–e431.
[179] J. Zhu, T. Li, S. Cai, and Z. Suo, “Snap-through Expansion of a Gas Bubble in an Elastomer,” The Journal of Adhesion, vol. 87, no. 5, 2011, pp. 466–481.
208

[180] J. A. Zimberlin and A. J. Crosby, “Water Cavitation of Hydrogels,” Journal of Polymer
Science Part B: Polymer Physics, vol. 48, no. 13, mar 2010, pp. 1423–1427.
[181] J. A. Zimberlin, J. J. McManus, and A. J. Crosby, “Cavitation Rheology of the Vitreous:
Mechanical Properties of Biological Tissue,” Soft Matter, vol. 6, no. 15, 2010, p. 3632.
[182] J. A. Zimberlin, N. Sanabria-DeLong, G. N. Tew, and A. J. Crosby, “Cavitation Rheology
for Soft Materials,” Soft Matter, vol. 3, no. 6, 2007, p. 763.

209

APPENDIX A
INVESTIGATION OF FAILURE BEHAVIOR OF A THERMOPLASTIC ELASTOMER GEL
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A.1

Figures and tables related to chapter 2

Figure A.1: Temperature sweep experiment result performed at ω=100 rad/s and γ0 =0.01 over a
temperature range of 12-110 ◦ C.

211

Figure A.2: (A) SAXS data fitted with polydispersed core hard-sphere model. (B) Schematic of
the proposed model for the system. The aggregates consist of collapsed PS chains, the fictitious
hard-sphere shell consists of PI bridges and loops.
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Figure A.3: G0 and G00 for different polymer volume fractions, φ(v/v), in mineral oil. The error
bars represent one standard deviation.

213

Figure A.4: The symbols represent nominal stress (σ0 ) vs stretch ratio (λ) obtained from the
initial part of the fracture experiment. Here, the crack length did not increase. The line indicates a
neo-Hookean model fit.

214

Figure A.5: Crack length vs. time plot of a pure shear fracture experiment (MS). The crack
length-time data fits well a second order polynomial with R2 = 0.9912. The obtained polynomial
was differentiated for estimating the crack velocity.

215

Figure A.6: A case of QS experiment is shown for crack length, a, vs. experimental time. Once
the crack starts to propagate, a linear line can be fitted (shown as a black line) to estimate the
crack velocity.

216

Figure A.7: Fracture test results of F vs. λ is plotted for the QS experiment. In this experiment,
the sample was stretched with a stretch rate of 5 mm/s to 28 mm and then let the crack propagate.
The inset represents the crack length (a) variation with respect to stretch ratio (λ).
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APPENDIX B
MECHANICAL PROPERTIES AND FAILURE BEHAVIOR OF PHYSICALLY ASSEMBLED
TRIBLOCK COPOLYMER GELS WITH VARYING MIDBLOCK LENGTH

218

B.1

Figures and tables related to chapter 3

Table B.1: Density of polymers used to prepared SL-, ML-, and LL-gel. Weight and volume
fractions of PS and PI blocks in SL-, ML-, and LL-gels.
Polymer of
Polymer density (kg/m3 )
%(w/w)
%(v/v)
PS %(w/w)
PS %(v/v)
PI %(w/w)
PI %(v/v)

SL-gel
950
0.2
0.179
0.088
0.084
0.112
0.122

ML-gel
940
0.2
0.181
0.058
0.056
0.142
0.154

LL-gel
920
0.2
0.184
0.038
0.036
0.162
0.176

Modulated differential scanning calorimetry (MDSC) Modulated differential scanning calorimetry (MDSC) measurements were performed using a TA DSC Q2000 model. The gel samples (3-6
mg) were loaded in hermetically sealed aluminum DSC pans. Three heating-cooling cycles were
performed over the temperature range of -50 to 125 ◦ C at the rate of 2◦ C/min. Figure B.5 represents the corresponding thermogram. An endothermic peak at -16 ◦ C is related to the mineral oil
wax temperature and PI glass transition temperature.
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Figure B.1: (A) Tensile test sample showing the dimensions of the gauge region and marked lines
for strain measurement, (B) tensile test setup in which the dogbone was supported using pins.

Figure B.2: (A) The schematic of the fracture test setup displaying sample dimensions, (B) image
of a sample clamped between 2 bars and with a notch to facilitate the crack propagation.
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Figure B.3: Evolution of moduli (G0 and G00 ) as a function of temperature for the SL-gel, ML-gel,
and LL-gel. The G0 and G00 curves for the ML-gel and the LL-gel have been moved vertically
upward to distinguish the overlapping region. Polymer concentration is 20% (w/w). Experiments
were performed using oscillation frequency (ω) of 1 rad/s and amplitude (γ0 ) of 0.01. A cooling
rate of 2 ◦ C/min with a soak time of 30 s was used. Error bars (smaller than symbols) represent
one standard deviation.
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Figure B.4: Flory-Huggins interaction parameter (χ) for decane-PI (χD−P I ) and decane-PS
(χD−P S ) as a function of temperature (◦ C).
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Figure B.5: Thermograms of SL-gel, ML-gel, and LL-gel. Three heating-cooling cycles were
performed on samples in the temperature range of -50 to 125 ◦ C with the rate of 2 ◦ C/min.

Photomicrographs from the tensile test experiments for different stretch rates (λ) corresponding
to the sample failure, i.e., at the failure stretch. (A1-A3) SL-gel for the λ̇ = 0.0048, 0.048, and
0.48 s−1 , respectively. (B1-B3) ML-gel for the λ̇ = 0.0048, 0.048, and 0.48 s−1 , respectively.
(C1-C3) LL-gel for the λ̇ = 0.0048, 0.048, and 0.48 s−1 , respectively.
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Figure B.6: A schematic of polydispersed core hard-sphere model. The cores are PS aggregate of
radius r0 , the hard-sphere (shell) thickness is s.
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Figure B.7: G0 and G00 as a function of frequency for the (A) SL-gel, (B) ML-gel, and (C) LL-gel
performed from 12 ◦ C to Tgel using γ0 = 10−2 and ω=1 rad/s.
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Figure B.8: (A) G0 and G00 as a function of frequency for all 3 gels. Frequency sweep experiments
performed at ω=0.1-100 rad/s and γ0 =0.10 plotted at room temperature, 22 ◦ C. Time-temperature
superposition (TTS) for the (B) SL-gel, (C) ML-gel, (D) LL-gel. Inset of graphs B-D represents
the Arrhenius fit (ln(aT ) = (Ea /R)(1/Tref − 1/T )) of the frequency shifting factors used for
TTS. The corresponding Ea are 181(B), 184(C), 221(C) kJ/mol, respectively. Please note that plot
(A) has a different axis range.
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Figure B.9: G0 and G00 as a function of strain-amplitude for SL-gel, ML-gel and LL-gel
performed at 22 ◦ C using γ0 =10−4 -1 and ω=1 rad/s.
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Figure B.10: Tensile test experiment results showing the similar low strain modulus (λ ≤ 1.1) for
all three stretch rates for (A) SL-gel (B) ML-gel, and (C) LL-gel. Error bar represents one
standard deviation.

228

Figure B.11: Tensile test experiment results comparison of SL-gel, ML-gel and LL-gel for λ̇ =
0.0048 s−1 (A), 0.048 s−1 (B), and 0.48 s−1 (C). Error bar represents one standard deviation.

Figure B.12: Photomicrographs from the tensile test experiments for different stretch rates (λ)
corresponding to the sample failure, i.e., at the failure stretch. (A1-A3) SL-gel for the λ̇ = 0.0048,
0.048, and 0.48 s−1 , respectively. (B1-B3) ML-gel for the λ̇ = 0.0048, 0.048, and 0.48 s−1 ,
respectively. (C1-C3) LL-gel for the λ̇ = 0.0048, 0.048, and 0.48 s−1 , respectively.
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Figure B.13: Failure stress (σf ) and failure stretch (λf ) obtained from the tensile test experiments
for the (A) SL-gel, (B) ML-gel, and (C) LL-gel performed at stretch rate, λ̇ = 0.0048, 0.048, and
0.48 s−1 , respectively. Error bars represent one standard deviation.
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Figure B.14: Nominal stress (σ0 )) as a function of stretch ratio (λ) obtained from the tensile test
experiments for the (A) SL-gel, (B) ML-gel, and (C) LL-gel performed at λ̇ = 0.0048, 0.048, and
0.48 s−1 , respectively. Error bars represent one standard deviation. The lines represent the best fit
with Eq. 3.1 (Slip and Tube Model).
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Figure B.15: Results from the fracture experiments for the SL-, ML- and LL-gel showing (A)
nominal stress (σ0 ) as a function of sample stretch ratio (λ), (B) crack length with sample stretch
ratio (λ). The thick markers represent the range, also shown by arrows, used for energy release
rate calculation. The crack initiation and the unbounded crack growth are shown with arrows.

Figure B.16: Images of a crack tip at a stretch value (λ) beyond which the crack starts to
propagate. (A) SL-gel at λ ≈ 1.29, (B) ML-gel at λ ≈ 1.34, and (C) LL-gel at λ ≈ 1.77.
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Figure B.17: Image of the LL-gel crack-tip indicating the fibril formation during the crack
propagation.
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APPENDIX C
INCREASING VISCOUS DISSIPATION BY ADDING THE HOMOPOLYMER IN A PS-PI-PS
GEL IN MINERAL OIL
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Figures and tables related to chapter 5
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Figure C.1: Tensile test experiment results comparison of GH11, GH21 and GH10 for λ̇ =
0.0048 s−1 (A), 0.048 s−1 (B), and 0.48 s−1 (C). Error bar represents one standard deviation.
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APPENDIX D
EFFECT OF THE TEMPERATURE ON THE MICROSTRUCTURE OF A PHYSICALLY
ASSEMBLED GEL
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D.1

Figures and tables related to chapter 6

Figure D.1: Shear stress as a function of step-strain in Rheo-SANS experiments at -10◦ C and
10◦ C.
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Figure D.2: A representative 2D SANS profile. To determine any anisotropy caused by
shear-strain, intensity average over azimuthal angle of 10◦ in both the horizontal and vertical
directions were estimated. This image illustrates the horizontal and vertical sector averaging.
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Figure D.3: Effect of applied strain on the scattering profiles at 10 ◦ C. (a) Applied step-strain as a
function of time. Inset shows the two-dimensional scattering images for the strain values of 1%,
110% and 200% collected at the 6.035 m sample to detector distance. Intensity as function of q
for 10◦ sector average along the vertical and horizontal sectors at the strain of (b) 1%, (c) 110%,
and (d) 200%. (e) and (f) represent the combination of all the strains for horizontal and vertical
averages.
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D.2

Polydispersed core Hard-sphere model with Percus Yevick approximation
For hard-sphere model, the expression for structure factor has been calculated based on Percus-

Yevick closure as
S(q) =

1
1 + 25ηG(A)/A

(D.1)

where A = 4πqR R is the radius of hard-sphere and η is the hard-sphere volume fraction.

G(A) = α (sin A − A cos A) + β/A3 2A sin A + (2 − A2 ) cos A − 2 +
(D.2)
γ −A4 cos A + 4((3A2 − 6) cos A + (A3 − 6A) sin A + 6) /A5


and
α=

(1 + 2η)2
(1 − η)4

(D.3)


η 2
/(1 − η)2
β = −6η 1 +
2

γ=

(D.4)

ηα
2

(D.5)

Form factor of sphere can be mathematically expressed as:

P1 (q, r) =

4πr03
3

2 

3
qr0

!2

3

(sin(qr0 ) − qr0 cos(qr0 ))

(D.6)

Polydispersity is σ/r0 , where σ2 is the variance of distribution in aggregate radius r0 , Average
form factor is:
Z
hP (q, r0 , σ)i =
0

∞



(r − r0 )2
1
exp −
F (q, r)dr
σ(2π)1/2
2σ 2

(D.7)

Excluded volume function:
1
P2 (q) =
Γ
νU 1/2ν



1
2ν
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1
−
Γ
νU 1/ν

 
1
ν

(D.8)

where
q 2 Rg2 (2ν + 1)(2ν + 2)
U=
6

(D.9)

and
ν=

1
α
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APPENDIX E
EFFECT OF SURFACE TENSION AND GEOMETRY ON CAVITATION IN SOFT SOLIDS
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E.1

Figures and tables related to chapter 7

Figure E.1: The cavity shape generated in CR geometry. The colored stripes represent frustum
formed after rotating the nodes by 360◦ . (B) A section of the cavity as frustum representing the
parameters used for the calculation.

At any stretch ratio, the nodes along the cavity surface can be rotated 360◦ to visualize the full
shape of the cavity. Since we have used the 4-node elements, such rotation results in a frustum.
The V and A of the inflated cavity is calculated by summing the frustum surface area and volume
swept by all 4-node elements. Surface area, Ai , is estimated as:
Ai =

n−1
X

q
π(rj + rj+1 ) (rj − rj+1 )2 + h2

(E.1)

j=1

Volume, Vi , is estimated as:
Vi =

n−1
X
πh
j=1

3

2
(rj2 + rj+1
+ rj rj+1 )
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(E.2)

where, n represents the number of nodes on the cavity wall, rj and rj+1 represent the x1 coordinates
of consecutive nodes, and h represents the vertical distance between two consecutive nodes (see
Figure E.1B).

Figure E.2: Normalized energy release rate (A) Spherical cavity using pressure load for ECN 2, 5
and 10. (B) CR with boundaries at infinity for ECN 2,5,10 and 100. Inset represents the enlarge
view of same graph to focus on ECN 2 and 5.
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Figure E.3: Normalized pressure vs. stretch ratio for different values of h. (A) h = 4r0 , (B)
h = 8r0 , (C) h = 16r0 . The solid lines represent the predictions of Eq. 7.10 for the corresponding
ECN values, without considering any effect of vial boundary.
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